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ABSTRACT 
Petroleum supply and environmental pollution issues constantly increase interest in 
renewable low polluting alternative fuels. Published test results show decreased pollution 
with similar power output and fuel consumption from Internal Combustion Engines (ICE) 
burning alternative fuels. More specifically, diesel engines burning biodiesel derived 
from plant oils and animal fats not only reduce harmful exhaust emissions but are 
renewable and environmentally friendly. To validate these claims and assess the 
feasibility of alternative fuels, independent engine dynamometer and emissions testing 
was performed. A testing apparatus capable of making relevant measurements was 
designed, built, and used to test and determine the feasibility of biodiesel. The apparatus 
marks the addition of a valuable testing tool to the University and provides a foundation 
for future experiments. This thesis will discuss the background of biodiesel, testing 
methods, design and function of the testing apparatus, experimental results, relevant 
calculations, and conclusions.  
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CHAPTER 1 INTRODUCTION 
Petroleum has become a very important part of everyday life. We use it to fuel our 
vehicles, power industries, and heat our homes. In 2009 the US consumed 19 million 
barrels of petroleum per day and consumption is forecasted to increase to 21.09 million 
barrels per day by 2035 [1].  Of all the petroleum used in the United States our 
transportation needs account for 71% of the total consumption [1]. Ninety five percent of 
the energy used for transportation each year comes from petroleum, while only 3% is 
supplied by renewable energy [1]. Two problems result from this trend: The amount of 
pollution and carbon dioxide produced is destroying our environment; and, since the 
supply of petroleum is finite, it will run out. As energy demand and population growth 
continually increase, the petroleum supply and condition of our environment continually 
degrade. The need for alternative renewable fuels is equaled only by the need for more 
efficient, less polluting vehicles.  
1.1 Internal Combustion Engine 
The Internal Combustion Engine (ICE) powers the majority of vehicles on the road today. 
This includes all vehicles from motorcycles and small passenger cars to heavy 
commercial trucks. The ICE is classified by ignition type. The two most common types 
are gasoline-burning Spark Ignition engines (SI) and diesel-burning Compression 
Ignition engines (CI). While similar in many respects, each type has advantages and 
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disadvantages. Diesel engines are more efficient and offer more torque than SI engines, 
where torque is the measure of an engine’s ability to do work [2]. The increased torque 
and efficiency are a result of higher compression ratios and reduced pumping work. The 
power output of a diesel engine is controlled by the amount of fuel injected, as opposed 
to a SI engine which controls the amount of airflow (and consequently fuel flow) with a 
throttle. Under light loading conditions the use of a throttle requires combustion air be 
pulled past the throttle. This requires additional work and reduces the efficiency of the 
engine. Because CI engines regulate the amount of fuel delivered to the combustion 
chamber, air is usually in excess. This causes a lean burning condition and provides more 
complete combustion of the fuel. At full power, gasoline engines typically operate at a 
slightly rich condition. This maximizes power but decreases efficiency and increases the 
amount of unburned fuel in the exhaust [3].  
To handle the increased compression ratios, CI engines are much more robust in design. 
This makes the engines more durable, but comes with an increased production cost and 
added weight. The importance of fuel filter service and increased engine oil capacity 
makes the regular maintenance of a CI more costly, but when properly maintained, a CI 
engine will last three times as long before an overhaul is needed. Historically, the SI 
engine is more common in passenger cars because it is relatively light in weight, low in 
cost, and provides better acceleration because of higher peak engine speed and 
horsepower [4]. The CI engine is more common in heavy-duty applications because of 
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high fuel efficiency, high torque output, and extended life span [4]. With regulations 
constantly demanding increased fuel efficiency and decreased exhaust emissions, the CI 
platform becomes more attractive for all applications.    
1.2 Environmental Issues 
Aside from supply issues, environmental concerns associated with fossil fuels are also a 
problem. The products of hydrocarbon combustion are carbon dioxide, water, and 
nitrogen ideally. In reality, burning of any fuel releases many harmful emissions, 
decreasing the quality of the air we breathe, the water we drink, and the integrity of our 
environment. The connection between air pollution and automobile use has been well 
known since the 1940’s [3]. It was first noticed in California where oxides of nitrogen 
reacted with hydrocarbons in the presence of sunlight to form smog. This event 
influenced the application of emissions standards for automobiles. While emissions 
standards have reduced the amount of pollution from automobiles the problem still exists. 
Although advancements have been made in engine design to optimize combustion, the 
process is never perfect. As a result, the typical pollutants found in automotive exhaust 
are Carbon Monoxide (CO), Oxides of Nitrogen (NOX), Unburned Hydrocarbons (UHC), 
and Particulate Matter (PM) [3]. Another product of concern but not typically considered 
a pollutant is Carbon Dioxide (CO2).   
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Carbon monoxide is colorless, odorless, extremely lethal gas, and is produced by a lack 
of oxygen during combustion. Because spark ignition engines typically operate at a 
slightly fuel rich condition for maximum power, carbon monoxide is typically a product 
of gasoline combustion. Compression ignition engines typically operate at a fuel lean 
condition so carbon monoxide is not a major product of diesel combustion [5]. The 
implications of carbon monoxide are more of a problem in small, dense areas. 
Concentrations of a few thousand parts per million of this gas can be life threatening [6].  
Secondary reactions during combustion produce oxides of nitrogen or “NOx.” NOx 
includes nitric oxide (NO), nitrogen dioxide (NO2), and nitrous oxide (N2O). These 
oxides are formed from atmospheric oxygen and nitrogen through a series of reactions at 
temperatures above 1600
o
C. Nitric oxide which is naturally converted to NO2 in the 
atmosphere is odorless, colorless, and relatively non-toxic. NO2, however, is toxic and 
dangerous to human health in low concentrations. This pungent reddish-brown pollutant 
attacks the hemoglobin and affects the oxygen transport in the blood. Damage to the 
human respiratory system is common in highly polluted areas. NOx is also involved in the 
formation of acid rain, smog, and the depletion of the ozone layer by reacting with 
Hydrocarbons in the atmosphere [6]. 
Unburned Hydrocarbons (UHC) emissions include a wide variety of compounds. The 
UHC compounds in exhaust are mostly unburned fuel and partially oxidized fuel. UHC 
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emissions are formed several different ways but largely by fuel rich combustion. Since 
diesel engines typically run at lean conditions, UHC emissions are less severe compared 
to a spark ignition engines. Many of the HC compounds formed irritate the respiratory 
system and are reactants in photochemical smog [6].  
Particulate Matter (PM) is an emission primarily associated with compression ignition 
engines. It contains many different compounds and is composed of extremely small 
particles and liquid droplets. The particles range in size, but the majority are in the range 
of 15-30 nanometers [3]. The Environmental Protection Agency (EPA) considers the size 
of the particles to be directly related to their potential for causing health problems [7].  It 
is believed that nano-sized particles can enter deep into the lungs. Health effects from 
exposure to high concentrations of PM include respiratory irritation, lung cancer, and 
premature death from cardiovascular, cardiopulmonary, or respiratory causes [7]. 
Carbon dioxide is an inevitable product of hydrocarbon combustion. Although it is not 
typically included as a pollutant (because of its non-toxic nature), it is considered a 
greenhouse gas responsible for global warming and has become a concern. The 
production is directly related to fuel consumption and is primarily regulated in this way. 
Currently vehicles each produce about 6 to 9 tons of CO2 per year for a total of 1.7 billion 
tons of CO2 yearly. The rapid production of this greenhouse gas is contributing to global 
climate change at a faster rate now than ever [8].  
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1.3 Fuel Consumption Reduction Solutions 
It seems that decreasing petroleum consumption is the solution to our problems. This can 
be achieved by increasing the efficiency of engines and implementing non fossil fuel 
based alternative fuels. Alternative fuels can be used in spark ignition and compression 
ignition engines to reduce petroleum consumption and emissions. These fuels are derived 
from sources other than petroleum including renewable fuels made from plants, algae, 
and animal fats. Carbon dioxide is naturally absorbed by plants during photosynthesis. 
Using plants to make fuel helps offset the carbon dioxide produced when burning fuel 
and reduce the global warming effect. Many alternative fuels also burn cleaner than 
petroleum products, further reducing the negative effects on the environment.  
Some alternative power sources could also be used to reduce petroleum consumption and 
environmental pollution. Electric vehicles produce zero emissions and offer smooth quiet 
operation. The zero emissions claim requires that the electricity used to power the 
vehicles comes from a non-polluting power plant, such as nuclear, wind, hydro, or solar. 
The problem with this type of vehicle is the cost and performance of the batteries used to 
store the energy. Batteries are expensive, have low energy density, and require a 
significant amount of time to recharge. Typical maximum range for an electric car is 
claimed to be about 200 miles under ideal conditions before a several hour recharge is 
needed. Maximum range under normal driving conditions is yet to be established. The 
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cost and short lifetime of the battery packs make the electric car expensive to own and 
maintain [9]. 
Much like electric vehicles, hydrogen fuel cell vehicles utilize an efficient electric motor, 
but do not require expensive bulky batteries. The electricity used to power the motors is 
instead produced using a chemical process requiring hydrogen and oxygen. The hydrogen 
required can either be stored in a high pressure tank or reformed from hydrogen rich fuels 
such as methanol, natural gas, and gasoline. Fuel cell vehicles produce no emissions 
when using pure hydrogen and very low emissions when using hydrogen rich fuels. The 
largest downside of this technology is the cost, safety, and pollution issues associated 
with producing and storing hydrogen [10].     
The Hybrid Electric Vehicle (HEV) utilizes power from an electric motor and an internal 
combustion engine to drive the vehicle. Efficiency is increased by selectively using each 
power source in its most efficient loading condition. HEV’s typically use an ICE utilizing 
the Miller Cycle. The Miller Cycle features an expansion stroke that is greater than the 
compression stroke, which increases efficiency.  Also, energy is conserved with a 
regenerative braking system, which captures kinetic energy typically lost when slowing 
the vehicle [11]. 
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1.4 Thesis Objectives 
 Alternative fuels have the potential to reduce fossil fuel dependence and are believed to 
have better burning characteristics compared to fossil fuels. The objective of this thesis is 
to create a test bed for determining and comparing the performance and emissions 
characteristics of standard and alternative fuels burned in CI engines. This thesis will 
discuss design and construction of the apparatus which includes modification of an 
existing dynamometer, the selection and addition of a CI engine, data acquisition 
equipment, and emissions analysis equipment. This apparatus will be used for 
standardized testing and comparison of alternative fuels and, if feasible, allow for engine 
modifications to optimize the performance and emissions characteristics of fuels.  
1.5 Testing Method 
As demand and interest in alternative fuels heightens, the development of new fuels and 
additives also increases. It is important to test the performance of these fuels in an actual 
engine to determine if the fuel is a feasible alternative. A dynamometer is necessary to 
perform consistent and accurate testing and make comparisons between tests. A 
dynamometer allows for safe, controlled, and consistent testing in a stationary location 
where data acquisition equipment can be easily configured. To determine feasibility, 
comparisons must be made between power, thermal efficiency, specific fuel 
consumption, and exhaust emissions. To obtain these parameters, measurements of 
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engine speed, engine torque, fuel flow, air flow, temperature, and exhaust composition 
must be made.  
1.6 Design of Experiment 
The purpose of this experiment is to examine the feasibility of renewable alternative fuels 
in reducing emissions and fossil fuel dependence, in particular biodiesel and biodiesel 
blends. Baseline testing with standard diesel fuel will set the benchmark for comparisons 
to be made. Testing is performed with a dynamometer and a direct injection single 
cylinder diesel engine. The testing is performed at a range of engine speeds and the 
torque that provides the best fuel efficiency. The fuels tested will be standard diesel fuel, 
pure biodiesel derived from soybean oil, and blends of the two. The goal is to study the 
performance characteristics of each fuel and determine the best fuel to maximize 
efficiency and minimize harmful exhaust emissions. Fuel properties such as cetane 
number, kinematic viscosity, energy content, and oxygen content will be used to justify 
the performance and emissions results.  
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CHAPTER 2 LITERATURE REVIEW 
This chapter will present an overview of the research performed to define biodiesel as a 
promising alternative fuel. A review of biodiesel including benefits, properties, 
chemistry, production processes, and combustion characteristics will be presented in 
addition to testing methods and testing results.  
2.1 Biodiesel Definition 
Raw vegetable oil can be used as an alternative to standard diesel fuel but the high 
viscosity and low volatility of the oil can cause serious engine problems over time, and is 
thus not considered a viable fuel. A better and viable alternative to standard diesel is the 
modified version of raw vegetable oil or animal fat commonly known as Biodiesel. 
Biodiesel has similar properties to fossil diesel fuel and can be used in conventional 
diesel engines without modifications. Biodiesel is a fuel composed of fatty acid methyl 
esters derived from plant oil or animal fats.  It can be easily produced from waste deep 
fryer oil, animal fats, and oil seeds such as soybean, canola, and palm seed. 
Transesterification of the oil breaks the oil molecule into an ester and glycerol. After 
removing the glycerol, the remaining ester is known as biodiesel. Biodiesel is renewable, 
non-toxic, and biodegradable. The calorific value of biodiesel is less than that of diesel 
because of oxygen atoms attached to the fuel molecule. Biodiesel has a higher cetane 
number than standard diesel and also lower sulfur, aromatics, and volatility [12].  
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The process for producing biodiesel is relatively simple and can be performed on a small 
personal use scale to a large industrial scale. Most all vegetable oils and animal fats are 
composed of long chain triglycerides and can be used to produce biodiesel. Triglycerides 
are compounds of glycerol and varying amounts of fatty acids. The major fatty acids have 
a chain length of 16 to 18 carbons, much like the straight chain hydrocarbons of fossil 
diesel fuel, which have a length of about 16 carbons. For this reason methyl esters 
produced from the fatty acids have similar combustion characteristics to petroleum diesel 
fuel. Properties of biodiesel are variable and dependent on the source of oils or fats used 
to produce the fuel. Plant oils contain a mixture of saturated and unsaturated fatty acids. 
Animal fats contain larger amounts of saturated fatty acids compared to plant oils (Table 
2-1). Saturated fatty acids have the best combustion characteristics and oxidation 
stability, but behave poorly in cold temperatures due to the high melting points. 
Unsaturated fatty acids have better low temperature properties but sacrifice oxidation and 
storage stability [13]. Methyl esters with high molecular weight are more likely to contain 
unsaturated bonds and contain less oxygen. Oxygen content in the fuel increases 
ignitibility and cetane while unsaturated bonds reduce cetane [14]. Blends of these fatty 
acids can be produced to achieve maximum performance for specific climates.  
12 
 
 
Table 2-1: Fatty Acid Composition of Plant Oils and Beef Tallow (adapted from 
[15]). 
 
2.2 Biodiesel Production 
Biodiesel is produced by the transesterification of triglycerides. The transesterification 
process shown in Figure 2-1 is a reaction between one mole of triglyceride and three 
moles of alcohol. The products of the reaction are one mole of glycerol and three moles 
of biodiesel. Using methanol as the alcohol in the reaction produces fatty acid methyl 
esters; whereas, ethanol produces fatty acid ethyl esters. Typically, methanol is used in 
the reaction because it produces the most volatile fatty acid esters [15]. 
 
Figure 2-1: Transesterification of triglycerides to fatty acid methyl esters (adapted 
from [15]). 
13 
 
 
A schematic of a typical biodiesel production process is shown in Figure 2-2. From the 
schematic, oil and methanol are added to a reactor with a catalyst (KOH).  Catalysts are 
commonly used to increase reaction rates for the transesterification process. Alkaline 
catalysts (such as sodium methoxide, potassium methoxide, sodium hydroxide, and 
potassium hydroxide) are typically used during transesterification by large scale biodiesel 
plants. The result is increased conversion rate and shorter reaction times at relatively low 
temperatures. Sodium and potassium hydroxide are cheaper catalysts and can cause the 
formation of methanolate and water. Sodium and potassium methoxide catalyst work well 
with high quality vegetable oils and do not produce additional water.  Deacidification 
steps are required when using alkaline catalyst with highly acidic waste oils. Acid 
catalysts (such as concentrated sulphuric acid) are better suited for highly acidic oils [13]. 
The settling process allows the glycerol to separate from the biodiesel. After separation 
has occurred, washing and purification processes are performed to remove unwanted 
contaminants before excess alcohol is evaporated off and reused.   
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Figure 2-2: Schematic of typical biodiesel production process (adapted from [15]). 
 
2.3 Biodiesel Sustainability 
Biodiesel has a positive net energy balance making it a sustainable alternative to 
petroleum. The U.S. Department of Energy claims that soybean derived biodiesel 
contains 3.2 units of energy for each unit of energy required to produce the fuel, while 
conventional diesel fuel yields 0.83 units [16].  Reports of this calculation vary, but 
discrepancies are due to how the co-products of the process are handled.  According to 
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the American Soybean Association, “When processed, a 60 pound bushel of soybeans 
yields approximately 48 pounds of protein rich soybean meal (80 percent) and 11 pounds 
of crude soybean oil (18 percent).” Only the oil is used for biodiesel production; so, for 
every 1.5 gallons of biodiesel produced, nearly 50 pounds of soybean meal is available 
for animal and human consumption [17].   
2.4 Published Testing and Results 
The U.S. Department of Energy claims that biodiesel is a clean burning and renewable 
substitute for petroleum diesel fuel. Significant reductions of particulate matter, carbon 
monoxide, and hydrocarbon emissions have been shown when burning biodiesel and 
blends of biodiesel with standard diesel fuel (Figure 2-3). The U.S. Department of Energy 
claims a small increase in NOx emissions [16].  Many studies have been performed to 
investigate the effect of biodiesel on NOx emissions with conflicting results. The 
discrepancies seem to stem from differences in engine characteristics, operating 
conditions, and testing methods.  
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Figure 2-3: Emissions reduction from biodiesel blending (adapted from [16]). 
 
2.5 Physical Property Effects 
Compared to standard diesel fuel, biodiesel has a higher kinematic viscosity, density, and 
surface tension. These physical characteristics have an important effect on the injection 
quality and, therefore, engine performance and emissions. Deng et al. [18] reports the 
increased viscosity, density, and surface tension of biodiesel causes a small increase in 
spray penetration and a slight decrease in spray angle. Vaporization of fuel is required for 
combustion, and the quality of vaporization directly affects the quality of combustion. 
This interaction between fuel droplets and nitrogen in the combustion chamber is 
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promoted by lower surface tension and viscosity, making smaller droplet size and larger 
spray angle. The increased viscosity and surface tension of biodiesel make the droplets 
harder to break up, decreasing the interaction with nitrogen and increasing the droplet 
size. Biodiesel droplets are therefore larger and of higher density, resulting in more 
kinetic energy of the spray and increased spray penetration. As injection pressure is 
increased, kinetic energy is also increased. The droplets move faster, which increases the 
spray penetration and enhances the droplet and nitrogen interaction, causing reduced 
droplet size and increased spray angle. Spray penetration increases rapidly at the 
beginning of injection but, as the spray breaks up and the nitrogen interacts with the 
droplets, the penetration increases less. Spray pattern is also affected by ambient density. 
Increased ambient density results in more nitrogen interaction with the spray and 
increases spray angle while decreasing spray penetration. Low ambient density, as a 
result of low ambient pressure, causes an increased pressure difference between ambient 
and injection pressures. The effect is similar to increased injection pressure [18].  
Ahmed et al. [19] concluded viscosity and surface tension are important factors in 
atomization in a study on analytical comparisons of the atomization characteristics for 
different biofuels. “Use of higher viscosity fuel hinders atomization by suppressing the 
instabilities required for the fuel jet to disintegrate. An increase in fuel surface tension 
resists the formation of droplets from the liquid fuel jet and can also lead to changes in 
the atomization characteristics.” Sauter Mean Diameter (SMD) is used to characterize 
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drop size based on fuel properties, and is defined as “The diameter of the drop whose 
ratio of volume to surface area is equal to that of the spray.” The equation for SMD with 
units of micrometers is: 
 
       (1) 
 
where,  
  
 
  
 
 
Atomization characteristics of different fuels are compared using the SMD. Compared to 
standard diesel, the results show a 9% increase of SMD for pure biodiesel derived from 
coconut oil and a 40% increase for pure biodiesel derived from canola and peanut oil. 
Similar atomization to standard diesel fuel can be achieved with biodiesel derived from 
coconut oil and its blends. Similar atomization of biodiesel derived from canola and 
peanut oil could be achieved by increasing the injection pressure.      
Basavaraja et al. [20] investigated the effect of injection pressure for standard diesel and 
blends of biodiesel derived from pongamia oil. Pongamia Methyl Ester (PME) has 
similar properties to other biodiesels. Compared to standard diesel, PME has increased 
viscosity and density, and a decreased calorific value. The testing was performed with a 
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single cylinder diesel engine at full load and a speed of 1500 rpm. For each fuel the 
injection pressure was varied from 16-22 MPa. For biodiesel, thermal efficiency 
increased with injection pressure up to 20 MPa then decreased. For standard diesel, 
thermal efficiency increased with injection pressure up to 18 MPa and then decreased 
with increasing pressure. The 20% biodiesel blend had the best thermal efficiency while 
all blends performed better than standard diesel. The results at low injection pressures are 
explained by poor atomization and mixture formation. At injection pressures above 20 
MPa, fuel droplet size is reduced and the spray becomes very fine, resulting in reduced 
penetration and momentum of fuel droplets. Brake Specific Fuel Consumption (BSFC) 
for biodiesel blends was similar to standard diesel at injection pressures below 20 MPa, 
and better at 20 MPa and above. Exhaust Gas Temperature (EGT) was highest for all 
fuels at low injection pressures. Low injection pressure is believed to cause coarse spray 
formation and increased combustion delay, effectively retarding timing and increasing 
EGT. NOx, UHC, and CO emissions decrease with injection pressure up to 20 MPa, 
following the same trend as thermal efficiency. Due to lower compressibility of biodiesel 
as a result of increased density, injection pressure is thought to increase the speed of 
injection [21]. 
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2.6 Chemical Property Effects 
The chemical composition of biodiesel differs largely from standard diesel by the 
presence of oxygen atoms and the increased number of hydrogen atoms. According to 
Stone [22], increased number of hydrogen atoms and presence of oxygen atoms in the 
fuel molecule decreases energy content. The presence of oxygen represents partial 
oxidation of the fuel resulting in decreased energy content, but adds a significant benefit 
to the combustion process. Sebastian and Nagarajan [23] reported a study on the 
influence of fuel oxygen content on combustion and emissions characteristics of a single 
cylinder direct injection CI engine. Different blends of standard diesel, ethanol, and 
biodiesel derived from coconut oil were designed to have similar physical properties to 
standard diesel fuel and variable oxygen content. Coconut oil was selected for its high 
oxygen content compared to other available oils. When mixed together, the lower cetane 
of ethanol offset the increased cetane of biodiesel. The high kinematic viscosity of 
biodiesel is also offset by the lower viscosity of the ethanol. Viscosity was held relatively 
constant and oxygen content varied by changing the amount of each component in the 
mixture. Testing was performed at a constant speed of 1500 rpm from zero to full load 
and fuel oxygen content was varied from 0-13% by mass. It was determined that fuel 
with more than 13% oxygen content had high rates of fuel consumption due to a 
decreased Lower Heating Value (LHV) or energy content. Up to 60% by mass of 
standard diesel could be replaced by the blend without a decrease in thermal efficiency. 
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At full load, NOx was reduced by 12% and HC by 20% compared to standard diesel. CO2 
was slightly increased and CO was significantly increased by 38%. At high loads, 
increased oxygen content increases the availability of oxygen during combustion and 
increases combustion efficiency.  
Research by Kawano et al. [24] compares the effects of Biodiesel blending on emissions 
characteristics of a modern diesel engine. The engine is a four cylinder intercooled direct 
injection turbo diesel and utilizes exhaust gas recirculation, diesel particulate filter, and 
lean NOx trap. Biodiesel derived from rapeseed, Rapeseed Methyl Ester (RME) was 
blended with standard diesel in proportions of 0%, 5%, 20%, and 80%.  Steady state 
testing was performed at a constant speed of 1600 rpm and BMEP of 0.38 MPa. Because 
of the decreased LHV, increased biodiesel blending required a longer injection time to 
achieve the same amount of torque. The premixed combustion caused by increased 
injection duration is believed to be the reason for increased NOx emissions. Increased 
oxygen content of the biodiesel blends caused a reduction in CO and hydrocarbon 
emissions. Hydrocarbon emissions are reduced even at low blends of RME. A 5% blend 
showed a 50% reduction in hydrocarbons compared to standard diesel. Although the low 
volatility of RME inhibits lean mixture formation, the increased oxygen content is 
thought to induce oxidation of hydrocarbons in the localized fuel rich regions of the 
combustion chamber and reduce unburned hydrocarbon emissions. 
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The effect of reduced fuel energy content on performance and emissions is further 
reinforced by Dulger and Kaplan [25] who performed a similar experiment using 
Sunflower Methyl Ester (SME). The experiment was performed with a four cylinder 
direct injection turbocharged diesel engine at full load and varying engine speed from 
1000-4500 rpm in 250 rpm increments. Measurements of torque, power, specific fuel 
consumption, particulate matter, unburned hydrocarbons, and carbon monoxide were 
compared for pure SME and standard diesel. Maximum torque for each fuel is similar 
and occurs at the same engine speed. At the maximum engine speed of 4500 rpm the 
engine torque for standard diesel fuel is 10% greater compared to SME. Dulger and 
Kaplan [25] also report a similar drop in power for SME at speeds above 2500 rpm. They 
attribute the losses to lower energy content and fuel pumping problems due to increased 
density and viscosity of SME. The lower energy content of the fuel also causes a 2-5% 
increase in specific fuel consumption for the range of engine speeds. Because the test 
engine is turbocharged, only a small reduction in soot, carbon monoxide, and 
hydrocarbon emissions is observed for SME. Although small, the drop in soot, carbon 
monoxide, and hydrocarbon emissions is attributed to the higher oxygen content of SME.  
Previous work by Suryawanshi [12] investigated the effects on performance and 
emissions of biodiesel derived from coconut oil burned in a single cylinder diesel engine. 
Comparisons of thermal efficiency, brake specific energy consumption, cylinder pressure, 
exhaust gas temperature, smoke, unburned hydrocarbons, and NOx were made between 
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standard diesel fuel and blends of Coconut Methyl Ester (CME). Testing was performed 
at a constant engine speed of 1500 rpm and various loads from zero to full load. 
Suryawanshi [12] identifies the density, viscosity, and calorific value of biodiesel as 
important characteristics. These properties were measured and recorded for standard 
diesel and blends of CME with diesel in 20% increments up to 100% CME. As the 
proportion of CME increased, the density and viscosity of the fuel blend slightly 
increased. The calorific value of the pure CME drops 9% from the value for standard 
diesel. For all blends and loading points, Suryawanshi reports similar results of thermal 
efficiency, brake specific energy consumption, cylinder pressure, exhaust gas 
temperature, and NOx. A proportional reduction in smoke is reported with increasing 
blends of CME. Testing of pure CME resulted in a 42% reduction in smoke compared to 
standard diesel. This is thought to be a result of more complete combustion due to the 
oxygenated nature of biodiesel. For the same reason, unburned hydrocarbons fell as the 
blend was increased and dropped a total of 25% for pure coconut methyl ester.    
To isolate the effects of fuel properties on performance and emissions Kumar et al. [26] 
investigate the effect of varying cetane number, aromatic content, and distillation 
temperature of standard diesel fuel in compression ignition engines. Understanding the 
effect of these fuel properties for standard diesel fuel is helpful in understanding the 
performance effects of biodiesel with similar properties. Kumar et al. [26] identify cetane 
number and aromatic content as important chemical characteristics of diesel fuel. Steady 
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state emissions and performance testing of fuel properties was performed with a light 
duty engine modified for single cylinder operation at Cummins. The test was performed 
at mid load and constant speed. They tested standard diesel fuel with variations of cetane 
number, aromatic content, and distillation temperature. Distillation temperature is the 
temperature required to reach a distillate level, for example T50 represents the 
temperature required to reach 50% distillate level. They concluded that NOx and smoke 
are impacted by mid-distillation temperature and cetane number. Lower mid-distillation 
temperature fuels having lower poly-aromatic content resulted in significant NOx and 
smoke reduction. Increased cetane, correlating to lower mono-aromatic content resulted 
in a small reduction of NOx. Higher loads are characterized by diffusion flame 
combustion and low loads are characterized as premixed combustion. Increased aromatic 
content increases NOx emissions for diffusion combustion and decreases NOx emissions 
for pre-mixed combustion.  
2.7 Testing Methods 
The testing mentioned in all of the above cases was performed exclusively with an actual 
engine on a dynamometer. A dynamometer measures engine torque by applying a 
resistive load to the engine. Several types of dynamometers exist, but the principle of 
operation is the same (Figure 2-4).  In each type, the engine is connected to the 
dynamometer rotor which is coupled to a stator. Each type of dynamometer differs in the 
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way the rotor is coupled to the stator. Examples of this are electromagnetic, hydraulic, 
and mechanical friction. The stator is mounted in low friction bearings and engine torque 
is found by measuring the force at a moment arm connected to the stator, typically with a 
load cell [2].  
 
Figure 2-4: Dynamometer Schematic (reproduced from [2]). 
 
  
Many results have been published showing the emissions and performance characteristics 
of biodiesel for steady state testing. Although, the typical operating conditions for 
transportation engines are transient, this type of testing is rarely investigated. This is due 
to the complexity of transient testing and the need for special equipment. At the 
University of Hudderfield, Tesfa et al. [21] investigated emissions behavior of biodiesel 
under transient conditions. The authors used three different acceleration sequences at four 
different loads to test standard diesel, 100% biodiesel derived from rapeseed, and a blend 
containing 25% biodiesel. The acceleration sequences were 900 rpm to 1200 rpm, 1200 
rpm to 1500 rpm, and 1500 to 1800 rpm. A program was used to control the speed and 
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load parameters of each test. Measurements of CO, CO2, NOx, UHC, and O2 were made 
using a Horiba EXSA-1500 gas test bench. A measurement delay of 21 seconds was 
determined to compensate for the analyzer response time and the transfer of sample gas 
through the heated sample line. For all loading conditions the authors report a higher 
peak cylinder pressure for biodiesel fuel as a result of more complete combustion 
compared to standard diesel.  For 25% and 100% biodiesel the NOx levels are reported to 
increase by 13% and 17%, respectively, for transient testing. The authors attribute the 
increase to the advanced combustion caused by the physical properties of the fuel. The 
lower compressibility of biodiesel causes an increased pressure and a faster injection 
time. The effect is increased NOx formation because the cylinder gases are rich in fuel at 
the peak temperature. As the speed increased in each transient test cycle the NOx 
emissions were observed to decrease. Increased gas flow rate and volumetric efficiency 
are claimed to promote faster mixing and minimize the ignition delay. CO was reported 
to decrease with biodiesel and increased engine speed. Conversion of CO to CO2 is 
increased with temperature. Increased engine speeds and the better combustion of 
biodiesel result in decreased CO. Due to the decrease in carbon molecules of biodiesel, 
CO2 emissions were shown to decrease by 52%. A 38% reduction in UHC emissions was 
reported for biodiesel as a result of more complete combustion from the 11% oxygen 
content and increased cetane. Increased cetane reduces combustion delay, allowing more 
time for the combustion, resulting in more complete combustion [21].     
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 CHAPTER 3 TEST CELL DESIGN 
This chapter will discuss the design of the test cell, including the selection of components 
and the modification of existing equipment required to perform the desired testing. After 
reviewing commercially available test cells and the equipment available in the Bucknell 
Hybrid Powertrain Lab, design criteria and constraints were established. The test cell was 
then designed and built around these constraints. 
3.1 Design Criteria 
Safe and user friendly operation is the most critical goal for the testing apparatus. A 
dynamometer offers safe and controlled testing of internal combustion engines, but is not 
fail safe. Testing an engine on a dynamometer involves many parts rotating at high 
speeds. In the event of a failure, rotating parts could cause injury to the test cell operator 
and observers. Special guards and procedures must be utilized to prevent injuries from 
engine or dynamometer failures. In addition to general safety criteria, the success of the 
project depends largely on performance criteria. To make consistent and accurate 
measurements worthy of comparisons between tests, the test cell must offer accurate and 
repeatable measurements for the entire range of speed and load for the engine being 
tested. These measurements include engine speed, engine torque, fuel consumption, air 
consumption, ambient weather conditions, various temperatures, and exhaust 
composition. All data needs to be recorded by a computer and saved in a file that can be 
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accessed for later analysis. The operator must also have precise control of engine speed 
and load. Meeting these criteria was accomplished with careful component selection, test 
cell design, calibration methods, and operation procedures. 
3.2 Design Constraints   
Design of the alternative fuel testing apparatus was largely constrained by budget and 
time. Initial funding for the project provided by the Mechanical Engineering Department 
was set at $2500.00. Careful selection and procurement of quality components meeting 
the design criteria had to be made to meet the budget constraints. Time had to be 
balanced between design, procurement, fabrication, and use of the test cell. For this 
reason, adaptation of a dynamometer already established at Bucknell University was 
necessary. A transmission dynamometer designed and built by Michael DeVita in 2006 
offered an excellent foundation for the test cell. The remainder of the test cell would have 
to be designed and built around this foundation.  
3.3 Previous Work and Modifications 
The dynamometer designed and built by DeVita consisted of a control box, DC absorbing 
motor, and resistor bank with a capacity of 20 horsepower [27]. The test bench featured 
precision loading control and measurement designed for ease of operation, but lacked 
computerized data acquisition, and required modifications to perform the engine testing 
needed. Modifications were made to the dynamometer while preserving the option to test 
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transmissions on the test bench if needed. The transmission and driving motor were 
removed from the test bench and replaced with a compression ignition engine with a 
speed reduction system.  Necessary engine controls were added to a separate panel 
attached to the dynamometer control box (Figure 3-1) and computerized data acquisition 
equipment was implemented. Air intake, fuel delivery, and exhaust systems were also 
added to the test cell. 
 
Figure 3-1: Dynamometer Control Box 
 
3.4 Engine Selection 
Based on research of current technology, it was determined that a diesel engine would 
provide the most relevant alternative fuel testing. To maximize the simplicity of the test 
cell, a single cylinder, high quality, air cooled compression ignition engine was desired. 
Development and evaluation of new ideas and components is simplified by a one cylinder 
test engine. This reduces development time and cost and simplifies data analysis. When 
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selecting an engine it was desired that the engine be a reputable engine known to 
industry. Parts must be readily available to rebuild the engine if needed and to make 
modifications to parts, such as the cylinder head and piston. For this reason a Yanmar 10 
HP direct injection diesel engine was selected. The Yanmar Company is well known for 
high quality dependable engines, and resources are readily available.  
3.5 Engine Implementation 
Because diesel engines are more robust and expensive to produce, the cost for a brand 
new Yanmar engine is approximately $3000.00 and did not meet the constraints of the 
project budget. A used version was desired but not immediately located. During the 
procurement process a Briggs and Stratton 10HP spark ignition engine was used to 
temporarily complete the set up and allow for functionality testing of the dynamometer 
(Figure 3-2). 
 
Figure 3-2: Briggs and Stratton 10 HP Configured to the Test Bench 
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After months of searching, a used 2004 10 HP Yanmar engine was purchased locally at a 
flea market for $110.00. The engine was part of a nonfunctional generator set, but the 
engine was functional.  The engine was removed from the generator and implemented to 
the test cell. Specifications for the engine are listed in Table 3-1.  
Table 3-1: Yanmar L100EE Specifications (reproduced from Yanmar Manual) 
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The first step in implementing the engine to the test cell was modeling the engine and the 
test cell in Solidworks. Modeling of the components would allow for visualization of the 
test cell and aid in the design process. Dimensions were obtained by manually measuring 
each component. An assembly was then created by combining each component model. 
This allowed for easy design and fitment verification of all new components of the test 
cell. 
3.6 Intake System 
An intake system was required to channel air from the room through a measurement 
device and through a filter before being delivered to the engine without any leaks. A 
Meriam Laminar Flow Element (LFE) was used to measure the volumetric flow rate of 
the air. Flexible tubing connects the LFE to a custom tubular air box containing a high 
performance K&N air filter to minimize airflow resistance. The air needed to be filtered 
at the engine inlet to prevent any contaminants from entering the engine. The stock air 
box could not be modified to meet these constraints, so a new intake system was 
designed. A two piece adapter was designed to locate the K&N filter inside of the tubular 
air box and allow both to be mounted to the engine (Figure 3-3). The tubular air box was 
fabricated from a clear acrylic tube. Use of a clear air box would allow for easy 
inspection of the air filter and also give the user and observers a unique and interesting 
view of the intake system.  
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3.7 Exhaust System 
An exhaust system was required to channel exhaust gases from the engine to the outside 
of the building. A muffler would also be required to reduce noise and potential 
disturbances to other buildings. An exhaust system routed to the outside of the building 
with a muffler was already in place for the Hybrid Electric Vehicle (HEV) dynamometer. 
To meet time and budget constraints, it was necessary to tap into this system. A special 
exhaust header pipe was designed and built to attach to the Yanmar engine and route the 
exhaust gas upward (Figure 3-3). The header pipe features flanges at each end for ease of 
assembly and disassembly and includes ports for temperature and emissions sampling in 
addition to a condensation trap. In order to preserve the tuning of the engine, the inside 
diameter of the header pipe was kept the same as the stock exhaust system. Flexible 
galvanized exhaust pipe was connected to the header flange and routed toward the pre-
existing muffler of the HEV exhaust system. A cable operated exhaust switch was 
installed at the inlet of the muffler to enable exhaust flow to be switched between the 
HEV engine and the Yanmar engine. Switching of the flow prevents exhaust gas 
backflow into either system.     
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Figure 3-3:  Intake and Exhaust System Design 
 
3.8 Speed Reduction System 
To maintain the speed of the dynamometer below the maximum rated speed of 1750 rpm, 
a speed reduction system was designed to reduce the speed of the engine by a factor of 
two. Reducing the speed of the DC absorbing motor also increases the torque applied by 
the test engine by a factor of two. Special precautions needed to be taken to ensure the 
dynamometer could handle the increased torque at decreased speeds. This was verified by 
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plotting the maximum torque output of the engine and the maximum torque absorption of 
the dynamometer as a function of engine speed (Figure 3-4). Data for the plot was 
obtained by interpreting and reproducing plots of rated power from Yanmar and 
maximum continuous torque versus speed for the DC absorbing motor.  
 
Figure 3-4: Torque Verification Plot 
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Figure 3-5: Speed Reduction System 
 
The speed reduction system shown in Figure 3-5 was accomplished with a timing pulley 
system, jack shaft assembly, and driveshaft assembly. The jack shaft assembly shown in 
Figure 3-6 is mounted to the table and features precision adjusters to meet alignment and 
belt tension requirements. The jack shaft is designed to be at the same height as the crank 
shaft of the engine. Any misalignment is compensated by the dual universal joint 
driveshaft but perfect alignment is desired to minimize frictional losses. To achieve a 2:1 
speed reduction, the driver pulley connected to the jackshaft is half the size of the driven 
pulley connected to the absorbing motor. The layout of the test bench required the 
37 
 
 
maximum center distance of the belt reduction system to be ten inches. To maintain 
clearance and adjustability of the system, a minimum center distance of eight inches was 
desired. Using Martins stock drive selection charts (Figure 3-7), pulley sizes were 
selected based on the maximum center distance and available belt lengths while 
maintaining a 2:1 speed ratio and proper power capacities. Using “H” series pulleys, a 
driver pulley with 20 teeth and a driven pulley with 40 teeth were selected to maintain the 
correct speed ratio and handle 11.77 horsepower per inch of belt width at a driver speed 
of 3500 rpm.  The “200” series belt and pulleys selected are two inches wide and have a 
capacity of 23.54 horsepower at the maximum dynamometer speed. This combination 
was chosen so the pulley system capacity exceeded the power capacity of the 
dynamometer. A “330H” belt with 66 teeth provides a center distance of 8.86 inches 
between the pulleys, meeting the space constraints of the test bench.  The jackshaft and 
engine are located on the front side of the test bench (away from the wall) in order to 
maintain proper direction of rotation for the absorbing motor and the test engine. A belt 
guard was designed and built to enclose the pulley system and protect the user from 
debris in the event of a belt failure. The guard was designed to be compatible with a 
driven pulley size of up to 60 teeth in case a different speed ratio was desired in the 
future. A similar shield was also designed and built to enclose the driveshaft connecting 
the engine to the speed reduction system. This shield is labeled “Scatter Shield” in Figure 
3-5. 
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Figure 3-6:  Jack Shaft Assembly 
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Figure 3-7: Belt Reduction Pulley Selection Chart (reproduced from [28]). The 
highlighted row of data shows the specifications and belt options for the 
combination selected. 
 
3.9 Engine Mount 
Vibrations are an issue for all internal combustion engines and must be dealt with to 
ensure the durability and longevity of the apparatus. The engine mount needed to secure 
the engine to the test bench, absorb engine vibrations, and offer adjustability to 
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compensate for alignment with the jackshaft and consequently belt tension adjustments. 
Four Anchor Industries #2265 engine mounts (Figure 3-8) were used in conjunction with 
a slotted steel plate to achieve these constraints. One side of each vibration absorbing 
mount is bolted to the test bench and the other side bolted through the slotted portion of 
the steel plate (Figure 3-9). The engine is bolted to the steel plate and the assembly is 
adjustable until tightened to the vibration absorbing mounts. 
 
Figure 3-8: Anchor Industries #2265 Engine Mount 
 
 
Figure 3-9: Yanmar Engine Mount    
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3.10 Fuel Delivery System 
A fuel delivery system was necessary to deliver fuel to the Yanmar engine at a constant 
temperature of 40
o
C. The fuel flowing to the engine also needed to be measured and 
filtered. The system was largely constrained by delivery pressure, method of fuel 
measurement, temperature control, and material compatibility. Since biodiesel has 
corrosive properties, yellow metals such as copper and brass are not suitable for long 
term use. Stainless steel fittings and yellow Tygon tubing were selected because of their 
compatibility with gasoline, diesel, alcohol, and biodiesel. Yellow Tygon tubing also 
offers flexibility for easy line routing and is transparent which allows easy visualization 
of air in the fuel line. A 5 micron fuel filter with water separator was used to filter any 
contaminants from the fuel to prevent clogging of the precision injector nozzle. A water 
bath was used in conjunction with a stainless steel coil to condition the fuel to a constant 
temperature of 40
o
C. A low pressure diesel transfer pump was purchased and used to 
pump fuel to the engine from the fuel tank through the chiller coil, filter, and line. To 
avoid damage to the engine’s fuel injection pump, the pressure of the fuel delivered to the 
engine must be kept to a minimum. The transfer pump selected has a maximum output 
pressure of 2 psi and is compatible with biodiesel. A Sartorious explosion proof paint 
scale was selected to measure the change is mass of the fuel tank for determining the 
mass flow rate of the fuel. A semi-transparent plastic one gallon fuel tank compatible 
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with all fuel types was selected to fit on the fuel scale and offer visibility of the fuel level. 
The fuel system schematic is shown in Figure 3-10. 
 
Figure 3-10: Yanmar fuel delivery system schematic 
 
3.11 Speed Control System 
For the Yanmar engine selected, engine speed is controlled by manually adjusting the 
position of the engine governor. The governor controls the variable displacement 
injection pump and therefore directly controls engine speed by varying the volume of fuel 
injected into the cylinder. The range of adjustment between the idle and full speed 
positions of the governor is about one inch. A control cable with a precision knob 
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adjustment was used to translate rotary motion of the control knob to precise linear 
motion of the governor control from the control desk. The full adjustment range of the 
governor is accomplished by 25 turns of the precision control knob. A quick release 
button on the speed control knob allows for rapid shut down of the engine. In the home 
position of the speed control knob (all the way clockwise) fuel flow to the engine is 
stopped. Since CI engines have no ignition system, the only way to turn off the engine is 
by stopping the fuel flow to the cylinder. Emergency shutdown of the engine is achieved 
by pressing the quick release button.  
3.12 Engine Starting System 
The L100EE Yanmar engine comes equipped with a manual recoil starter and an electric 
starting system. A battery is located under the test bench to power the starter and the fuel 
transfer pump. A charging system is located inside of the engine flywheel to charge the 
battery and run accessories but in order to minimize the power losses on the engine, the 
charging system is only used to operate a small LED on the user control panel to indicate 
the engine is running. The starter and fuel pump are controlled by an ignition switch 
located in the control panel. Power from the battery is connected to the system by a 
battery disconnect switch. The safety switch allows the battery to be disconnected from 
the system when not in use; this also prevents draining of the battery.  
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3.13 Emissions Analysis Equipment 
To determine exhaust gas composition, it was desired to measure the concentrations of 
the following exhaust components: unburned hydrocarbons, oxides of nitrogen, carbon 
dioxide, carbon monoxide, oxygen, and sulfur dioxide. The emissions equipment used for 
this project was new to Bucknell University and required a significant amount of setup 
preparation. A heated stainless steel sample line is used to carry a sample gas to two 
separate analyzers. Heating of the line is required to prevent the moisture in the sample 
gas from condensing and damaging the equipment. A heated filter is also used to remove 
particulate matter that could also damage the equipment. After the filter, the sample line 
is split to deliver sample gas to a Total Hydrocarbon Analyzer (THC) and a Multi gas 
analyzer. The THC analyzer manufactured by California Analytical Instruments (CAI) 
uses a Heated Flame Ionization Detector (HFID) to measure the concentration of 
hydrocarbons or unburned fuel in the exhaust gas. The multi-gas analyzer manufactured 
by Horiba measures NOx, SO2, CO, CO2, and O2. NOx is measured using a 
chemiluminescence method. SO2, CO, and CO2 are measured using a non-dispersive 
infrared method. O2 is measured using a galvanic cell method. Special equipment 
including high purity regulators, burner fuel, zero gases, and span gases are required to 
operate this equipment. A schematic of the equipment and required plumbing is shown in 
Figure 3-11. 
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Figure 3-11: Emissions analyzer plumbing schematic 
 
The emissions analysis equipment was intended to be shared between the Hybrid 
Powertrain Lab and the Combustion Research Lab. Making the equipment mobile 
allowed the equipment to be easily transferred between labs in a reasonable amount of 
time. A cart was purchased and modified to contain the analyzers, heated filter, ice bath, 
water separator, and temperature controllers for the heated line and filter. A heated 
sample line was fabricated for each lab. Five gas bottles are required for operation and 
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also needed to be portable. A special cart was designed and built during the summer of 
2010 to contain all the gas bottles (Figure 3-12). 
 
Figure 3-12: Emissions gas bottle cart 
 
 The cart features lockable, six inch diameter wheels for easy rolling and low ground 
clearance for easy loading and unloading of heavy gas bottles. The width of the cart was 
kept to a minimum for maneuverability in the elevator and through doorways. Each bottle 
is secured to the cart with an adjustable strap and in case of strap failure; a safety bar is 
located at the top and bottom of each side.   
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3.7 Data Acquisition 
Data acquisition is performed with a custom LabVIEW® program in conjunction with an 
Agilent 34970A Data Acquisition Unit. The Agilent reads signals from the load cell, 
optical speed sensor, emissions equipment, and thermocouples. The LabVIEW
® 
program 
calls and records this data in addition to air and fuel flow data every ten seconds. The 
data is displayed to the user and also saved to an excel spreadsheet for later analysis.  
 
Figure 3-13: User interface of custom LabVIEW® program 
 
Measurements and displays for dynamometer load and engine speed were already 
established in the control panel created by DeVita. In order to record the speed and load 
data, signals from the load cell and optical speed sensor were wired into the Agilent data 
acquisition unit. The custom LabVIEW® program communicates with the Agilent and 
uses the voltage from the load cell to calculate a force and the frequency signal from the 
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optical speed sensor to calculate speed. Within the calculations, the speed is doubled and 
the torque is decreased by a factor of two. This is necessary to represent actual engine 
speed and torque since the belt reduction system increases the torque and decreases the 
speed applied to the dynamometer. K type thermocouples are wired into the Agilent to 
read temperatures of exhaust gas (EGT), engine oil, and combustion air. The custom 
LabVIEW® program configures the Agilent to sequentially read and record the 
temperatures with rest of the data. Also wired into the Agilent are voltage signals from 
the emissions analysis equipment. Voltages from the emissions equipment are linearly 
proportional to the measurement being made but are dependent on the range of each 
measurement. For this reason, the voltages are recorded and measurement values are 
calculated during the data analysis. The LabVIEW® program collects data from the 
Agilent in ten second intervals. The data collection process could be performed in less 
than one second but a quality filter placed on the load cell measurement increases the 
time collection time to approximately six seconds. The filter configured in the 
LabVIEW® program samples the signal for an extended period of time to filter out 
interference and errors. This is important for obtaining good torque data. Vibrations from 
the engine and absorbing motor create a somewhat noisy signal from the load cell. 
Averaging the data over a longer sample time increases the quality of the measurement.        
Measurements of airflow and fuel mass are made by the LabVIEW® program by directly 
communicating with each measurement device. A Meriam Laminar Flow Element (LFE) 
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is used to measure the volumetric flow rate of air consumed by the engine. A MKS 
Baratron pressure transducer measures the pressure drop across the LFE from the flowing 
air. A MKS Type 670 signal conditioner controls the pressure transducer and outputs the 
pressure drop to the desktop computer via serial communication. A pressure drop of eight 
inches of water across the LFE correlates to a volumetric flow rate of one hundred cubic 
feet per minute. The custom LabVIEW® program interprets the data and uses the linear 
relationship to calculate the volumetric flow rate of air. Mass of the fuel is measured with 
a Sartorious PMA 7200-X explosion proof paint scale (Figure 3-14). The serial 
communications output of the scale is connected to the desktop computer with a USB 
converter. The data is then interpreted and recorded by the custom LabVIEW® program 
in ten second intervals. The mass flow rate of the fuel is then calculated using the 
difference in mass and time between each data point during the data analysis.   
 
Figure 3-14: Sartorious PMA 7200-X Explosion Proof Paint Scale used to Measure 
Mass of Fuel (adapted from [29]).  
50 
 
 
CHAPTER 4 TESTING AND DESIGN VERIFICATION 
4.1 Test Plan 
The purpose of the experiment was to determine the feasibility of biodiesel as an 
alternative fuel. It was desired to study the effect on performance and emissions of the 
engine burning different blends of biodiesel and standard diesel. After some preliminary 
testing, it was found that the Yanmar engine was most efficient at full load and speeds 
from 2000-3000 rpm. Although the maximum torque for the Yanmar L100EE engine is 
approximately 14.5 ft-lbs, the maximum continuous output torque is 12.75 ft-lbs. Some 
torque is also lost in the speed reduction system and the DC absorbing motor. Therefore 
the maximum stable loading point for the desired speed range was found to be 12 ft-lbs.  
Blends of biodiesel and diesel would be tested starting with standard diesel and adding 
biodiesel in 20% increments. In the state of Pennsylvania, all diesel fuel is mandated to 
contain 2% biodiesel. Standard diesel fuel containing 2% biodiesel is commonly known 
as B2. B2 was used as the standard fuel, and biodiesel derived from soybean oil was 
added to achieve the required blend percentage. Blends were mixed in six liter batches. 
Composition of each blend is shown in Table 4-1. A small sample of each fuel was kept 
for testing energy content and kinematic viscosity.   
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Table 4-1: Fuel Blending Data 
Blend Name 
Diesel 
% (Volume) 
 Biodiesel 
% (Volume) 
Volume B2 
 (Liters) 
Volume B100 
(Liters) 
Total Volume 
(Liters) 
B2 98 2 6 0 6 
B20 80 20 4.898 1.102 6 
B40 60 40 3.673 2.327 6 
B60 40 60 2.449 3.551 6 
B80 20 80 1.225 4.775 6 
B100 0 100 0 6 6 
 
For each fuel blend, testing was performed at a constant torque of 12 ft-lbs starting at a 
speed of 2000 rpm, increasing to 3000 rpm in 100 rpm increments (Table 4-2). Special 
attention was given to perform the required warm up period and testing operation as 
consistently as possible for each fuel. Data was recorded for five minutes at each test 
point after reaching steady state operation of the engine for a minimum of one minute. To 
reduce measurement errors, the five minutes of data at each test point are averaged with 
exception to emissions measurements. An emissions measurement delay exists because 
the emissions sample line is 25 feet in length. Measurement delay is shown to be 
approximately 90 seconds (Table 4-3). Another 60-90 seconds is required after the 
measurement delay to allow the measurement to stabilize. For this reason, only the last 
minute of emissions data is averaged for each test point. Careful attention was also given 
when changing test fuels. To prevent fuel contamination, each time a new fuel was tested 
the entire fuel system was drained before adding the new fuel. 
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Table 4-2: Fuel Blend and Engine Operating Point Test Plan 
Fuel Blend Test Point 
Engine Speed 
(RPM) 
Engine Torque 
(ft-lbs) 
B2, B20, B40, B60, B80, B100 
1 2000 12 
2 2100 12 
3 2200 12 
4 2300 12 
5 2400 12 
6 2500 12 
7 2600 12 
8 2700 12 
9 2800 12 
10 2900 12 
11 3000 12 
    
Table 4-3: Emissions Sample Measurement Delay 
Note/Set Time (Sec)   O2 (%) NOx (ppm) CO2(%) 
2612 3460 
  
13.21 425.50 5.81 
2612 3470 13.21 426.00 5.82 
2612 3480 13.21 426.50 5.82 
2612 3490 13.21 426.50 5.82 
2612 3500 13.22 427.00 5.82 
2612 3510 13.22 426.50 5.82 
Speed and Load Change 
0 3520 
8
0
-90
 Seco
n
d
 
M
easu
rem
en
t D
elay 
13.22 426.50 5.82 
0 3530 13.22 426.00 5.81 
0 3540 13.22 425.50 5.81 
0 3550 13.22 425.50 5.81 
0 3560 13.22 425.50 5.81 
0 3570 13.21 425.50 5.81 
0 3580 13.22 426.00 5.81 
0 3590 13.21 425.50 5.82 
0 3600 
  
13.19 424.50 5.83 
0 3610 13.17 422.50 5.84 
0 3620 13.14 420.50 5.86 
0 3630 13.12 418.50 5.89 
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4.2 Operation Procedures 
The first step of the test cell operation is to prepare the emissions analysis equipment. 
This equipment takes almost two hours to prepare before measurements can be made so it 
is necessary to do this first. Detailed instructions are available in the “Emissions Analyzer 
Equipment Operation Procedure” (Appendix A). After the emissions equipment 
preparation has been completed, the data file for the LabVIEW® program needs to be 
prepared. This should be performed by following the “Data File Preparation Procedure” 
(Appendix B). After this has been completed, preparation of the engine and the 
dynamometer can begin. This should be completed by following the “Dynamometer 
Startup and Operation Procedure” (Appendix C). This procedure also discusses how to 
operate the dynamometer to complete a test, and how to properly shut down the 
dynamometer. Instructions for shutdown of the emissions equipment are given in 
Appendix A. Post testing data analysis should be performed by following the “Data File 
Analysis Procedure” (Appendix D). Instructions for changing the test fuel are given in the 
“Fuel Changing Procedure” (Appendix E) 
4.3 Measurement Calibrations 
The most critical component of the testing apparatus is the load cell used to measure 
engine torque. Any error in this measurement has a direct effect on the calculations of 
power, specific fuel consumption, and thermal efficiency. For example, a 1% change in 
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torque causes a 1% change in each calculation.  For this reason, a load cell calibration 
procedure was developed and should be performed before each test. The procedure 
involves placing the calibration weight onto the calibration arm of the dynamometer 
absorbing motor. The weight contains a pin that fits into the calibration arm ensuring 
consistent placement of the calibration weight and an accurate calibration. The load cell 
calibration procedure is included in the “Dynamometer Startup and Operation Procedure” 
(Appendix C).  
Calibration of the engine speed measurement is not as critical as the load cell but 
nonetheless important for calculations. Independent measurements read from the optical 
sensor are made by the programmable tachometer located in the control box and by the 
LabVIEW® program. By visually comparing the two speed measurements, the user can 
determine any error between the two. A handheld tachometer should also be used 
periodically to confirm the accuracy of both measurements. Typical engine speed 
fluctuation of 10-15 rpm is normal when operating the engine. Engine speed data is 
averaged to compensate for the fluctuation but keeping the variation below 1% of the set 
speed is ideal.  
The process for calibrating the Sartorious fuel scale is similar to the load cell calibration. 
After zeroing the scale and allowing a thirty minute warm up time, a 5000 gram (+/- 0.03 
grams) calibration weight is placed in the center of the scale. The calibration is complete 
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if the measurement matches the known mass of the weight. Because the data of concern 
is the change in fuel mass, the linearity of the measurement is much more important than 
the actual accuracy of the measurement at full scale. For example, if the known weight of 
an object was 5000 grams and the scale read 4500 grams the measurement accuracy is 
not valid. However, if you added or removed a known mass and the scale measurement 
correctly represented the change, the linearity of the measurement is accurate and 
sufficient for taking data. The linearity can be checked by placing five 1000 gram 
calibration weights on the scale. Regardless of the initial measurement, removal of one 
weight should result in the measurement decreasing by 1000 grams. Each successive 
removal of weight should result a 1000 gram decrease in the measurement value. If the 
calibration cannot be confirmed, the scale needs to be recalibrated by the manufacturer.     
Calibration of the Meriam LFE is performed by the manufacturer. Records of this 
calibration were not available and, because of the age of the unit, the manufacturer was 
not willing to perform a new calibration. However, the MKS signal conditioner used to 
read the pressure drop from the LFE is zeroed and calibrated before each test. 
Instructions for this process are included in the “Dynamometer Startup and Operation 
Procedure” (Appendix A.3). Consistent measurements of airflow are verified by 
comparing data from the same test performed on two different days. This is discussed in 
the next section.  
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Calibration of the emissions analysis equipment is performed before each test. The 
process, which is explained step by step in the “Emissions Analyzer Equipment 
Operation Procedure” (Appendix A.2), involves zero and span calibrations for each 
measurement. Each instrument is first zeroed with a designated zero gas. High purity air 
is used as the zero gas for the HFID and high purity nitrogen is used as the zero gas for 
the Horiba multi gas analyzer. After zeroing each unit, span calibration of each 
measurement can be performed. The concentration of span gas for each measurement is 
determined by taking 90% of the expected full scale range. Span calibration verifies the 
upper limit of the measurement and enables accurate measurements between the zero and 
span points. The span gas selected for the HFID unit consists of high purity air and 1000 
parts per million (ppm) of methane.  The multi component span gas used for the Horiba 
multi gas analyzer is shown in Table 4-4. Span calibration for oxygen is performed with 
the oxygen contained in room air.   
Table 4-4: Horiba Span Gas Concentrations 
Component 
Requested 
Concentration 
Actual 
Concentration 
Analytical 
Uncertainty 
Concentration 
Sulfur Dioxide 150 ppm 147.7 ppm +/- 2% 
Nitric Oxide 1000 ppm 1019 ppm +/- 2% 
Carbon Monoxide 4000 ppm 3930 ppm +/- 2% 
Carbon Dioxide 15% 14.98% +/- 2% 
Nitrogen Balance   
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4.4 Design Verification 
Design verification was originally performed by testing the functionality of the 
dynamometer and data acquisition equipment with a 10 HP Briggs and Stratton Engine. 
After implementing the Yanmar diesel engine, the next stage of design verification was 
completed by confirming the engine would run and that the speed and load controls 
functioned properly. Successfully testing the engine from zero to full load at speeds from 
idle to full speed (3500 rpm) proved the apparatus to be safe and functional. The best 
specific fuel consumption for the engine should be 245 grams of fuel per kilowatt hour at 
a speed of 2500 rpm. Testing the engine with B2 resulted in a specific fuel consumption 
of 247 grams of fuel per kilowatt hour. A comparison of specific fuel consumption data 
obtained and the data provided by Yanmar showed a variation of less than 1% thus 
proving the validity of the apparatus and data acquisition equipment. Data obtained 
seemed accurate and consistent but further testing was performed to establish 
repeatability. 
4.5 Accuracy and Repeatability 
Following the test method presented in (Table 4-2) the torque and speed are set for each 
test point. Achieving the speed and torque values at each test point would prove the 
accuracy and repeatability of the dynamometer controls. Test point deviations of speed 
and torque from a test of B80 on May 25
th
, 2011 show minimal deviations between the 
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test point and actual values with a maximum deviation of 0.55% (Table 4-5). Comparing 
test point data from the same test on May 12
th
, 2011, the deviation of actual speed and 
torque values between the two tests are less than 1% (Table 4-6).  Performing the same 
test on different days and obtaining data with less than 2% deviation would prove the 
accuracy and repeatability of the measurements and the test method. This test of 
repeatability was performed on numerous occasions with minimal deviations for most 
measurements (Table 4-7, Table 4-8, and Table 4-9). Deviations for CO and UHC 
between tests of B80 on May 12
th
 and May 25
th
 are much higher than acceptable (Table 
4-10). The deviations are larger at low speeds and could represent unstable combustion at 
low speeds.  Further comparison of CO and UHC measurements for tests of B2, B20, 
B40, and B80 performed on different days shows no clear deviation trend (Table 4-11). 
The large deviations are most likely due to combustion instabilities or measurement 
errors. Uncertainty of the measurements made by the emissions analyzers are known to 
be 2% of the measurement range. The CO and UHC measurement ranges are 5000 ppm 
and 3000 ppm, respectively. The result is a measurement uncertainty of 100 ppm for CO 
and 60 ppm for UHC. With exception to the first two test points, the known measurement 
uncertainty is greater than the measurement deviation.   
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Table 4-5: Test Point Deviations of Speed and Torque from B80 Test May 25, 2011 
Test 
Point 
Set   Speed    
(rpm) 
Set Torque       
(ft-lb) 
Actual 
Speed (rpm) 
Actual 
Torque   
(ft-lb) 
Speed 
Deviation (%) 
Torque 
Deviation (%) 
1 2000 12 2002.25 11.93 0.11 0.55 
2 2100 12 2100.09 11.97 0.00 0.22 
3 2200 12 2205.33 11.97 0.24 0.23 
4 2300 12 2298.07 12.01 0.08 0.10 
5 2400 12 2398.47 12.00 0.06 0.02 
6 2500 12 2503.69 12.00 0.15 0.04 
7 2600 12 2603.24 12.02 0.12 0.16 
8 2700 12 2703.82 12.02 0.14 0.13 
9 2800 12 2808.08 12.06 0.29 0.49 
10 2900 12 2898.90 12.03 0.04 0.25 
11 3000 12 2999.69 11.99 0.01 0.04 
 
 Table 4-6: Speed and Torque Deviations of B80 Tests on 5-12 and 5-25 
Test 
Point 
B80 5-12 
Actual 
Speed    
(rpm) 
B80 5-12 
Actual 
Torque       
(ft-lb) 
B80 5-25 
Actual 
Speed    
(rpm) 
B80 5-25 
Actual 
Torque       
(ft-lb) 
Speed 
Deviation 
(%) 
Torque 
Deviation 
(%) 
1 2013.62 12.00 2002.25 11.93 0.56 0.58 
2 2101.55 11.97 2100.09 11.97 0.07 0.06 
3 2203.11 12.03 2205.33 11.97 0.10 0.49 
4 2299.92 12.04 2298.07 12.01 0.08 0.27 
5 2399.63 12.04 2398.47 12.00 0.05 0.35 
6 2498.69 12.03 2503.69 12.00 0.20 0.24 
7 2597.70 12.04 2603.24 12.02 0.21 0.17 
8 2698.88 12.05 2703.82 12.02 0.18 0.31 
9 2795.41 11.98 2808.08 12.06 0.45 0.64 
10 2896.63 11.99 2898.90 12.03 0.08 0.35 
11 3001.13 11.96 2999.69 11.99 0.05 0.28 
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Table 4-7: Deviation of Airflow and BSFC: B80 Testing on 5-12 and 5-25 
Test 
Point 
B80 5-12 
Airflow     
(cfm) 
B80 5-12   
BSFC     
(g/kW-hr) 
B80 5-25 
Airflow     
(cfm) 
B80 5-25   
BSFC            
(g/kW-hr) 
Airflow   
Deviation 
(%) 
BSFC       
Deviation 
(%) 
1 12.18 269.35 12.19 272.35 0.06 1.11 
2 12.64 268.33 12.69 271.24 0.37 1.09 
3 13.16 268.77 13.21 269.20 0.39 0.16 
4 13.64 268.48 13.69 269.74 0.35 0.47 
5 14.32 269.32 14.36 269.91 0.26 0.22 
6 14.90 269.56 14.97 269.11 0.47 0.17 
7 15.46 270.50 15.50 268.78 0.24 0.64 
8 16.32 272.82 16.37 273.16 0.32 0.12 
9 16.87 278.58 16.91 278.80 0.27 0.08 
10 17.23 282.56 17.29 283.06 0.36 0.18 
11 17.84 286.52 17.90 287.27 0.32 0.26 
 
Table 4-8: Deviation of Thermal Efficiency and NOx: B80 Testing on 5-12 and 5-25 
Test 
Point 
B80 5-12 
Thermal 
Efficiency (%)     
B80 5-12    
NOx            
(ppm) 
B80 5-25 
Thermal 
Efficiency (%)     
B80 5-25    
NOx            
(ppm) 
Thermal 
Efficiency  
Deviation (%) 
NOx       
Deviation 
(%) 
1 34.64 508.80 34.26 528.20 1.10 3.81 
2 34.77 496.20 34.40 512.10 1.08 3.20 
3 34.71 489.10 34.66 495.20 0.16 1.25 
4 34.75 466.10 34.59 471.40 0.47 1.14 
5 34.64 451.10 34.57 446.65 0.22 0.99 
6 34.61 439.30 34.67 426.65 0.17 2.88 
7 34.49 426.50 34.71 413.15 0.64 3.13 
8 34.20 411.20 34.15 398.75 0.12 3.03 
9 33.49 394.40 33.46 386.45 0.08 2.02 
10 33.02 381.45 32.96 374.45 0.18 1.84 
11 32.56 365.75 32.48 355.05 0.26 2.93 
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Table 4-9: Deviation of Oxygen and Carbon Dioxide: B80 Testing on 5-12 and 5-25 
Test 
Point 
B80 5-12      
O2 (%)     
B80 5-12       
CO2 (%) 
B80 5-25      
O2 (%)     
B80 5-25       
CO2 (%) 
O2     
Deviation (%) 
CO2       
Deviation (%) 
1 12.82 6.08 12.88 6.09 0.44 0.13 
2 12.88 6.04 12.84 6.13 0.32 1.41 
3 12.87 6.06 12.95 6.05 0.65 0.17 
4 12.95 5.99 13.01 6.00 0.49 0.30 
5 13.07 5.91 13.08 5.95 0.11 0.71 
6 13.14 5.86 13.11 5.93 0.24 1.23 
7 13.21 5.82 13.21 5.87 0.01 0.86 
8 13.04 5.94 13.10 5.96 0.39 0.30 
9 12.93 6.02 12.98 6.04 0.38 0.27 
10 13.04 5.94 13.03 6.00 0.12 1.04 
11 13.08 5.91 13.09 5.96 0.05 0.74 
 
 
Table 4-10: Deviation of UHC and CO: B80 Testing on 5-12 and 5-25 
Test 
Point 
B80 5-12    
UHC (ppm)     
B80 5-12       
CO (ppm) 
B80 5-25    
UHC (ppm)     
B80 5-25       
CO (ppm) 
UHC  
Deviation 
(%) 
CO       
Deviation 
(%) 
1 386.16 569.25 312.24 515.75 19.14 9.40 
2 394.80 525.75 314.16 494.75 20.43 5.90 
3 367.08 464.25 327.36 481.00 10.82 3.61 
4 395.88 515.75 338.16 484.25 14.58 6.11 
5 366.96 493.75 348.00 511.25 5.17 3.54 
6 379.56 494.75 346.44 507.75 8.73 2.63 
7 360.36 452.75 313.44 456.25 13.02 0.77 
8 334.56 427.25 294.72 418.75 11.91 1.99 
9 330.60 432.75 305.40 431.25 7.62 0.35 
10 292.92 394.75 288.60 400.75 1.47 1.52 
11 285.00 379.25 282.72 393.75 0.80 3.82 
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Table 4-11: Deviations of Carbon Monoxide (CO) and Unburned Hydrocarbons 
(UHC) Measurements Between Tests of B2, B20, B40, and B80. 
CO Test Deviations (%) 
 
UHC Test Deviations (%) 
Test Point 
Fuel Blend 
 Test Point 
Fuel Blend 
B2 B20 B40 B80 
 
B2 B20 B40 B80 
1 16.55 1.96 8.34 9.40 
 
1 6.79 6.57 18.11 19.14 
2 1.73 3.52 5.18 5.90 
 
2 0.85 0.12 18.39 20.43 
3 1.66 4.41 3.17 3.61 
 
3 5.58 6.32 19.47 10.82 
4 3.71 2.43 4.14 6.11 
 
4 9.20 9.77 17.00 14.58 
5   2.89 2.12 3.54 
 
5   6.96 15.63 5.17 
6 2.04 5.61 2.23 2.63 
 
6 6.47 8.76 12.32 8.73 
7   4.44 3.01 0.77 
 
7   2.46 23.42 13.02 
8 6.96 0.52 3.68 1.99 
 
8 11.66 2.49 29.19 11.91 
9 
  
0.88 0.57 0.35 
 
9 
  
5.72 24.14 7.62 
10 0.99 3.86 1.52 
 
10 4.85 18.96 1.47 
11 2.74 3.50 3.82 
 
11 10.28 22.65 0.80 
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CHAPTER 5 EXPERIMENTAL RESULTS 
This chapter will present the experimental results of the testing discussed in Chapter 4. 
Experimentally obtained fuel properties and experimental methods will be presented first 
followed by the experimental emissions and performance data from the dynamometer 
testing. Important calculations from this data are then discussed and results presented. 
Validity and repeatability of experimental data is discussed in Chapter 4.  
5.1 Fuel Properties 
The Biodiesel (NEXSOL BD-0100) obtained for testing was purchased from Peter 
Cremer North America, LP [30]. From the data sheet provided with the fuel (Figure 5-1), 
the Cetane and Kinematic Viscosity are known to be 48 and 4.0 mm
2
/second 
respectively. It should be noted that this biodiesel meets ASTM D 6751-09 and EPA 
4627 specifications.  
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Figure 5-1: Biodiesel property sheet (adapted from [30]). 
 
 
Other characteristics of the fuel such as chemical composition and energy content were 
not provided and needed to be determined. Analysis of the biodiesel was performed by 
Huan Luong from the Environmental Engineering and Science Lab. Results from the fuel 
composition analysis show large percentages of Linoleic Acid (70.7%), Palmitic Acid 
(20.5%), and Stearic Acid (8.7%). The chemical formula for Linoleic Acid, Palmitic 
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Acid, and Stearic Acid are (C18H32O2), (C16H32O2), and (C18H36O2), respectively [31]. 
Referring to Table 2-1, the Biodiesel obtained is believed to be derived from a blend of 
soybean oil and beef tallow. The exact source of the oil is not known and unimportant 
providing the chemical and physical properties of the fuel are known. Energy content for 
each fuel blend was determined using a Bomb Calorimeter. The process involved igniting 
a known mass of fuel and measuring the resulting temperature increase. The water 
produced from combusting the fuel is condensed during the process so the calculated 
energy content is known as the gross heating value. For internal combustion engines the 
water formed during combustion remains as a vapor. The energy associated with the 
phase change of vapor condensing to a liquid is lost. For this reason, the relevant energy 
content is known as the Lower Heating Value (LHV). LHV is calculated from the net 
heating value by subtracting the energy of vaporization of water. Energy of vaporization 
is found using the enthalpy of vaporization and the mass of water produced during 
combustion. The mass of water produced is directly related to the fuel chemistry and can 
be found by balancing the basic equation for combustion:  
               (2) 
 
Carbon Balance:   x = b   b = x                          (3) 
Hydrogen Balance:  y = 2c   c = y/2                          (4) 
Oxygen Balance:  z + 2a = 2b + c  a = x + y/4 – z/2                      (5) 
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For every one mole of fuel combusted, c moles of water are produced. From a hydrogen 
balance, we see the molar value of water produced is equal to half the number of 
hydrogen atoms in the fuel. The chemical composition of standard diesel and biodiesel 
varies with the source of the oil used to produce the fuel. To complete the energy 
analysis, some fuel chemistry assumptions were made. The chemical formula for Linoleic 
Acid (C18H32O2) was used to represent the fuel because it represents the major 
component of biodiesel and the other components have very similar chemical formulas. 
Using fuel properties from Heywood [3], the chemical equation for standard diesel is 
assumed to be C12.3H22.1. The chemical composition and molecular weight for standard 
diesel, biodiesel, and blends are shown in Table 5-1. 
Table 5-1: Fuel Blend Chemical Composition 
 
With the number of hydrogen atoms known for each fuel, the amount of water produced 
for each mole of fuel burned can be found. For stoichiometric combustion, 1 mole of 
B100 produces 16 moles of water. The measured mass of each fuel used in the bomb 
calorimeter and the calculated molecular weight of each fuel is then used to find the 
number of moles of fuel combusted in each test. For B100, 0.708 grams or 0.00252 moles 
B0 B2 B20 B40 B60 B80 B100
12.300 12.414 13.440 14.580 15.720 16.860 18.000
22.100 22.298 24.080 26.060 28.040 30.020 32.000
0.000 0.040 0.400 0.800 1.200 1.600 2.000
170.011 172.220 192.099 214.187 236.275 258.363 280.451
Fuel:
Carbon Atoms
Hydrogen Atoms
Oxygen Atoms
Molecular Weight
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of fuel were combusted during the calorimeter test. The molar value of fuel combusted is 
found by dividing the mass of fuel by the molecular weight of the fuel. The molar value 
of water produced is found by multiplying the molar value of fuel burned by the molar 
value of water produced per mole of fuel. For B100, 0.04039 moles of water were 
produced. This equates to 0.728 grams of water by multiplying the molar value by the 
molecular weight of water. Heat of vaporization is then found by multiplying the mass of 
water formed in each test by the enthalpy of vaporization for water (2442.83 
joules/gram). Results for heat of vaporization of water for each test are shown in Table 5-
2. The lower heating value is found by subtracting the heat of vaporization of water from 
the net heating values obtained from the test. Experimental heating value data is shown in 
Table 5-3 and compared to theoretical values obtained from the National Biodiesel Board 
for biodiesel meeting the same standards [32]. As seen in Table 5-3, the difference 
between experimental and theoretical values of lower heating value for each fuel is less 
than 0.75%.      
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Table 5-2: Mass and Molar Values of Water and Fuel from Bomb Calorimeter 
Testing 
 
 
Table 5-3: Experimental Net and Lower Heating Values for Biodiesel Blends 
 
The kinematic viscosity of each fuel blend was tested using a calibrated Ubbelohde type 
viscometer. Results from the testing are shown in Table 5-4. Each blend was tested three 
times and the results averaged to minimize error. The experimental kinematic viscosity 
value for B100 (3.9863 mm
2
/sec) is very close to the value reported by the fuel supplier 
(4.0 mm
2
/sec).    
B2 B20 B40 B60 B80 B100
0.633 0.635 0.655 0.669 0.684 0.708
0.00368 0.00331 0.00306 0.00283 0.00265 0.00252
11.149 12.040 13.030 14.020 15.010 16.000
0.04098 0.03980 0.03985 0.03970 0.03974 0.04039
0.738 0.717 0.718 0.715 0.716 0.728
1803.40 1751.50 1753.59 1746.99 1748.80 1777.59
2848.97 2758.27 2677.23 2611.35 2556.73 2510.72
Fuel:
H20 Heat of Vap. (J/gram fuel)  
Mass of fuel used (grams)
Moles Fuel
Moles H2O per mole fuel
H20 Heat of Vaporization (J)  
Mass H2O (grams)
Moles H20
B2 B20 B40 B60 B80 B100
45.2731 44.3107 43.2730 42.3225 41.1271 40.1355
2848.97 2758.27 2677.23 2611.35 2556.73 2510.72
42.4242 41.5524 40.5958 39.7112 38.5704 37.6248
42.3423 41.4382 40.4252 39.4264 38.4411 37.4692
0.1930 0.2749 0.4202 0.7171 0.3352 0.4136% Difference
Fuel:
Net Heating Value (kJ/g)
H20 Heat of Vap. (J/g fuel)  
Experimental QLHV (kJ/g)
Theoretical QLHV (kJ/g)
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Table 5-4: Kinematic Viscosity Test Results for Biodiesel Blends 
 
0.01039
Fuel Blend Trial Efflux Time Viscosity Average
(seconds)  (mm2/sec)  (mm2/sec)
Trial 1 228.38 2.37287
Trial 2 228.94 2.37869
Trial 3 231.69 2.40726
Trial 1 248.22 2.57901
Trial 2 247.22 2.56862
Trial 3 248.1 2.57776
Trial 1 282.31 2.93320
Trial 2 277.47 2.88291
Trial 3 276.91 2.87709
Trial 1 308.5 3.20532
Trial 2 310.22 3.22319
Trial 3 306.82 3.18786
Trial 1 343.15 3.56533
Trial 2 345.07 3.58528
Trial 3 347.06 3.60595
Trial 1 384.06 3.99038
Trial 2 383.72 3.98685
Trial 3 383.22 3.98166
2.57513
mm2/s2
Viscometer type: UBBELOHDE
Range: 2-10 mm2/sec
Test Location: Dana 244
Water Bath Temp: 40 C
Viscometer Constant:
B100
Biodiesel Blend: Kinematic Viscosity Test Results
Test Date: June 9th 2011
Viscometer ID: E955
Viscometer Size: 1
Matt Tanner
B2
B20
B40
B60
B80
2.38627
3.98630
3.58552
3.20545
2.89774
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5.2 Experimental Testing Data 
This section presents the experimental testing measurement data for the test plan 
discussed in Chapter 4. Data for B2, B20, B40, B60, B80, and B100 test fuels are shown 
in Table 5-5, Table 5-6, Table 5-7, Table 5-8, Table 5-9, and Table 5-10, respectively. 
Each test was performed at a constant torque of 12 ft-lbs and engines speeds from 2000-
3000 rpm in 100 rpm increments. Each table includes raw data measurements and 
fuelling and emissions data converted from raw data. Each test point represents data 
averaged over a five minute period. Calculations from this data are presented and 
discussed in Section 5.3.    
Table 5-5: B2 Experimental Data 
 
B2 Date: 4/28/11 Weather:
1 0.236 2002.1 12.02 12.18 351.48 23.12 70.42 12.53 525.17 6.12 650.40 757.08
2 0.245 2100.4 11.97 12.69 357.28 23.12 75.75 12.50 509.25 6.16 617.80 699.17
3 0.258 2199.5 12.07 13.21 362.69 23.37 78.28 12.46 503.83 6.19 611.70 625.83
4 0.270 2299.3 12.03 13.74 365.62 23.37 80.28 12.78 475.58 5.96 649.30 669.58
6 0.293 2507.1 11.96 14.98 376.34 23.68 80.68 12.88 441.79 5.90 691.40 638.75
8 0.324 2704.2 12.01 16.36 390.92 23.29 82.80 12.83 411.83 5.95 605.70 562.92
9 0.341 2799.9 11.97 16.88 404.66 23.55 84.16 12.66 394.58 6.08 568.10 546.67
10 0.359 2907.4 11.99 17.33 416.92 23.99 85.65 12.63 379.25 6.10 480.30 495.00
11 0.378 3004.2 12.01 17.93 430.85 24.26 87.34 12.59 356.17 6.12 441.80 502.50
DP: 59.6 F RH: 57%
AirTemp 
(C) 
Ex.Temp 
(C)  
Airf low  
(cfm)
Test 
Point
Test Fuel: BP: 29.00 (inhg)
Fueling 
(g/s)
Speed 
(RPM)
Torque   
(ft-lb)
CO      
(ppm)
UHC    
(ppm)
CO2        
(vol %)
NOx    
(ppm)
O2          
(vol %)
Oil Temp 
(C) 
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Table 5-6: B20 Experimental Data 
 
Table 5-7: B40 Experimental Data 
 
B20 Date: 5/5/11 Weather:
1 0.236 2005.5 11.97 12.08 337.37 19.36 57.75 12.94 558.83 5.82 509.90 580.42
2 0.246 2109.2 11.96 12.58 343.42 19.34 64.50 12.86 544.42 5.88 513.00 524.58
3 0.258 2205.6 11.97 13.00 348.42 19.57 68.38 12.91 528.67 5.84 485.20 521.25
4 0.270 2302.6 12.00 13.59 353.18 19.44 69.66 12.99 502.00 5.78 492.90 544.17
5 0.289 2422.2 12.17 14.35 362.90 19.55 71.12 13.01 477.42 5.77 519.30 547.92
6 0.291 2497.1 11.96 14.87 361.52 19.63 72.11 13.22 470.67 5.62 532.60 521.25
7 0.309 2605.5 12.03 15.47 368.79 19.85 73.40 13.21 448.92 5.63 476.70 490.00
8 0.325 2697.5 12.05 16.29 377.86 19.91 74.84 12.97 433.75 5.80 445.20 481.25
9 0.344 2798.0 11.99 16.85 392.49 20.12 77.54 12.88 414.58 5.86 433.50 487.50
10 0.362 2894.6 12.00 17.12 403.64 20.26 78.66 12.97 401.50 5.79 397.70 465.83
11 0.380 3006.5 12.04 17.83 415.00 20.61 79.11 12.93 379.00 5.82 425.20 499.58
CO      
(ppm)
AirTemp 
(C) 
Oil Temp 
(C) 
O2          
(vol %)
NOx    
(ppm)
CO2        
(vol %)
UHC    
(ppm)
Test 
Point
Fueling 
(g/s)
Speed 
(RPM)
Torque   
(ft-lb)
Airf low  
(cfm)
Ex.Temp 
(C)  
Test Fuel: BP: 29.52 (inhg) DP: 41.4 F RH: 38.5%
B40 Date: 5/20/11 Weather:
1 0.249 1997.1 11.96 12.08 341.23 20.92 61.29 12.85 526.50 6.03 404.10 580.42
2 0.259 2102.2 12.04 12.61 349.14 20.97 66.87 12.74 505.33 6.09 397.30 545.00
3 0.268 2200.2 11.99 13.07 351.51 20.93 70.46 12.83 489.42 6.04 382.70 491.67
4 0.281 2304.7 12.04 13.60 357.08 20.95 71.71 12.93 466.13 5.95 376.40 528.75
5 0.292 2408.1 11.99 14.28 362.13 21.01 72.84 13.02 441.08 5.89 397.20 526.67
6 0.303 2502.9 12.02 14.87 368.24 21.08 73.19 13.04 427.50 5.89 391.30 508.33
7 0.317 2596.7 12.01 15.39 372.76 20.97 73.82 13.20 410.58 5.78 503.10 478.75
8 0.332 2701.7 12.00 16.26 379.19 21.05 74.55 13.11 398.67 5.86 482.90 455.42
9 0.348 2790.5 11.94 16.78 390.04 20.96 77.28 12.98 384.58 5.95 455.40 441.25
10 0.371 2909.1 12.00 17.16 403.10 21.13 78.70 13.01 365.33 5.93 408.70 405.00
11 0.386 2990.3 12.03 17.71 413.36 21.31 79.92 13.04 349.33 5.91 405.20 404.58
UHC    
(ppm)
CO      
(ppm)
Ex.Temp 
(C)  
AirTemp 
(C) 
Oil Temp 
(C) 
O2          
(vol %)
NOx    
(ppm)
CO2        
(vol %)
Test Fuel: BP: 29.39 (inhg) DP: 57.8 F RH: 63%
Test 
Point
Fueling 
(g/s)
Speed 
(RPM)
Torque   
(ft-lb)
Airf low  
(cfm)
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Table 5-8: B60 Experimental Data 
 
Table 5-9: B80 Experimental Data 
 
B60 Date: 5/6/11 Weather:
1 0.255 2003.4 11.99 12.10 341.66 20.66 60.59 12.91 535.75 5.93 414.12 624.75
2 0.265 2099.5 11.99 12.59 347.63 20.69 65.88 12.88 516.35 5.96 441.48 605.25
3 0.276 2205.2 11.99 13.08 351.16 20.63 69.11 12.98 504.10 5.89 408.36 532.25
4 0.287 2296.7 12.00 13.60 355.33 20.72 71.19 13.06 481.50 5.83 411.36 535.25
5 0.302 2402.5 12.06 14.29 363.21 20.73 72.38 13.13 462.20 5.78 441.72 532.75
6 0.312 2493.7 12.04 14.89 367.93 20.90 73.22 13.17 452.00 5.75 426.48 521.25
7 0.326 2601.8 11.97 15.46 371.46 20.98 75.17 13.29 440.10 5.67 383.16 462.25
8 0.343 2695.2 12.04 16.31 379.15 21.00 76.49 13.08 428.00 5.82 348.00 426.25
9 0.363 2801.9 12.03 16.83 392.87 21.35 78.95 13.06 414.40 5.85 343.56 426.25
10 0.378 2903.1 11.95 17.14 401.43 21.45 79.62 13.18 402.30 5.75 300.84 386.25
11 0.395 2999.8 11.98 17.82 410.57 21.53 80.40 13.12 382.40 5.80 308.64 396.25
CO      
(ppm)
AirTemp 
(C) 
Oil Temp 
(C) 
O2          
(vol %)
NOx    
(ppm)
CO2        
(vol %)
UHC    
(ppm)
Test 
Point
Fueling 
(g/s)
Speed 
(RPM)
Torque   
(ft-lb)
Airf low  
(cfm)
Ex.Temp 
(C)  
Test Fuel: BP: 29.37 (inhg) DP: 39.6 F RH: 33.6%
B80 Date: 5/12/11 Weather:
1 0.257 2013.6 12.00 12.18 341.63 21.80 63.18 12.82 508.80 6.08 386.16 569.25
2 0.266 2101.5 11.97 12.64 346.95 21.92 68.17 12.88 496.20 6.04 394.80 525.75
3 0.281 2203.1 12.03 13.16 352.43 21.92 71.37 12.87 489.10 6.06 367.08 464.25
4 0.293 2299.9 12.04 13.64 357.66 21.95 73.08 12.95 466.10 5.99 395.88 515.75
5 0.307 2399.6 12.04 14.32 363.88 22.19 73.67 13.07 451.10 5.91 366.96 493.75
6 0.320 2498.7 12.03 14.90 368.45 22.29 74.37 13.14 439.30 5.86 379.56 494.75
7 0.334 2597.7 12.04 15.46 373.98 22.64 75.99 13.21 426.50 5.82 360.36 452.75
8 0.350 2698.9 12.05 16.32 381.81 22.98 78.04 13.04 411.20 5.94 334.56 427.25
9 0.368 2795.4 11.98 16.87 394.33 23.11 80.07 12.93 394.40 6.02 330.60 432.75
10 0.387 2896.6 11.99 17.23 405.49 23.23 81.16 13.04 381.45 5.94 292.92 394.75
11 0.406 3001.1 11.96 17.84 413.83 23.34 82.41 13.08 365.75 5.91 285.00 379.25
UHC    
(ppm)
CO      
(ppm)
Ex.Temp 
(C)  
AirTemp 
(C) 
Oil Temp 
(C) 
O2          
(vol %)
NOx    
(ppm)
CO2        
(vol %)
Test Fuel: BP: 29.43 (inhg) DP: 53.2 F RH: 46.9%
Test 
Point
Fueling 
(g/s)
Speed 
(RPM)
Torque   
(ft-lb)
Airf low  
(cfm)
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Table 5-10: B100 Experimental Data 
 
5.3 Calculated Data 
The experimental measurements presented in Section 5.2 were used to calculate the 
following engine performance parameters: power, Brake Mean Effective Pressure 
(BMEP), Brake Specific Fuel Consumption (BSFC), thermal efficiency, air mass flow 
rate, air fuel ratio, corrected NOx, energy lost to exhaust, and heat rejection. The 
importance of each calculation is discussed and justified, and results for each are 
presented. 
5.3.1 Power 
Power produced by the engine is a function of torque and speed. The desired speed and 
torque at each test point remain constant so comparisons of power between tests are 
pointless. However, power is used in the calculations of BMEP, specific fuel 
B100 Date: 5/13/11 Weather:
1 0.265 2002.2 11.96 12.14 341.02 21.22 61.20 12.92 533.50 6.04 389.10 586.25
2 0.277 2105.1 11.99 12.61 349.27 20.98 68.06 12.95 512.67 6.02 392.00 592.08
3 0.287 2197.5 12.02 13.06 353.79 21.16 71.76 12.94 494.42 6.03 373.50 530.00
4 0.302 2303.2 12.01 13.64 357.52 20.94 73.11 13.08 472.00 5.95 372.50 526.04
5 0.317 2398.4 12.01 14.25 363.79 20.94 73.79 13.10 448.17 5.93 379.60 538.75
6 0.332 2501.0 12.06 14.87 369.74 21.03 74.48 13.16 438.25 5.89 364.90 513.75
7 0.343 2599.7 12.03 15.41 373.43 21.14 76.12 13.29 425.42 5.79 335.40 469.58
8 0.359 2705.4 12.00 16.27 379.67 21.22 77.06 13.15 411.50 5.89 314.30 432.50
9 0.385 2804.0 12.05 16.79 393.44 21.00 79.18 13.04 396.25 5.96 291.50 408.75
10 0.401 2897.7 12.03 17.07 402.11 21.03 80.65 13.10 385.00 5.90 268.00 371.25
11 0.416 2995.0 11.93 17.69 409.31 21.19 81.08 13.18 364.96 5.84 273.10 373.75
CO      
(ppm)
AirTemp 
(C) 
Oil Temp 
(C) 
O2          
(vol %)
NOx    
(ppm)
CO2        
(vol %)
UHC    
(ppm)
Test 
Point
Fueling 
(g/s)
Speed 
(RPM)
Torque   
(ft-lb)
Airf low  
(cfm)
Ex.Temp 
(C)  
Test Fuel: BP: 29.34 (inhg) DP: 51.7 F RH: 49.6%
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consumption and thermal efficiency, so it does need to be calculated. Because torque 
measurements are made in units of foot pounds, power is first calculated in units of 
horsepower and then converted to kilowatts. Calculated power results are shown in Table 
5-11 and Table 5-12.  
             (6) 
              (7) 
Table 5-11: Calculated Power Values (Horsepower) 
 
B2 B20 B40 B60 B80 B100
1 4.58 4.57 4.55 4.58 4.60 4.56
2 4.79 4.80 4.82 4.79 4.79 4.81
3 5.05 5.03 5.02 5.04 5.05 5.03
4 5.27 5.26 5.28 5.25 5.27 5.27
5 5.61 5.50 5.52 5.50 5.49
6 5.71 5.69 5.73 5.72 5.73 5.74
7 5.97 5.94 5.93 5.95 5.95
8 6.18 6.19 6.17 6.18 6.19 6.18
9 6.38 6.39 6.35 6.42 6.38 6.43
10 6.64 6.61 6.65 6.60 6.61 6.64
11 6.87 6.89 6.85 6.84 6.84 6.80
Calculated Power (HP)Test 
Point
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Table 5-12: Calculated Power Values (kilowatts) 
 
5.3.2 Brake Mean Effective Pressure (BMEP) 
BMEP is used to make relative performance comparisons between engines of different 
sizes and is a function of torque and engine displacement. According to Heywood, 
maximum BMEP values are constant for most engine sizes and BMEP can be used to 
evaluate the effectiveness of the displaced volume of an engine. For naturally aspirated 
diesel engines, meeting maximum BMEP values of 700-900 kPa confirms a good engine 
design [2]. Calculated BMEP data for each test is shown in Table 5-13. BMEP results are 
discussed in Section 6.2.1.   
              (8) 
 
 
  
 
B2 B20 B40 B60 B80 B100
1 3.42 3.41 3.39 3.41 3.43 3.40
2 3.57 3.58 3.59 3.57 3.57 3.58
3 3.77 3.75 3.75 3.76 3.76 3.75
4 3.93 3.92 3.94 3.91 3.93 3.93
5 4.19 4.10 4.11 4.10 4.09
6 4.26 4.24 4.27 4.26 4.27 4.28
7 4.45 4.43 4.42 4.44 4.44
8 4.61 4.62 4.60 4.61 4.62 4.61
9 4.76 4.76 4.73 4.79 4.76 4.80
10 4.95 4.93 4.96 4.92 4.93 4.95
11 5.12 5.14 5.11 5.10 5.10 5.07
Test 
Point
Calculated Power (kW)
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Table 5-13: Calculated BMEP Values (kPa) 
 
5.3.3 Brake Specific Fuel Consumption 
BSFC is a measure of how efficiently an engine uses the mass of fuel supplied to produce 
work [2]. This calculation is similar to the commonly used “miles per gallon” rating of 
automobiles. Because the test engine is stationary, power output is used instead of 
mileage. BSFC is a function of fuel mass flow and power output. According to Heywood, 
the best BSFC value for diesel engines is around 200 grams per kilowatt hour [2]. 
Calculated BSFC data for each test is shown in Table 5-14. 
       (9) 
B2 B20 B40 B60 B80 B100
1 490.11 488.10 487.51 488.89 489.28 487.60
2 488.00 487.39 490.84 488.54 487.75 488.80
3 491.79 487.80 488.89 488.85 490.40 490.14
4 490.32 488.94 490.77 489.18 490.95 489.38
5 496.14 488.55 491.48 490.94 489.61
6 487.40 487.50 490.13 490.82 490.52 491.71
7 490.41 489.40 487.74 490.75 490.24
8 489.55 491.31 489.13 490.64 491.26 489.13
9 487.88 488.83 486.83 490.56 488.37 491.25
10 488.68 489.08 489.24 486.92 488.67 490.44
11 489.59 490.61 490.40 488.30 487.57 486.39
Test 
Point
Calculated BMEP (kPa)
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Table 5-14: Calculated BSFC Values (g/kW-hr) 
 
5.3.4 Thermal Efficiency  
Thermal efficiency or fuel conversion efficiency is the measure of how well an engine 
converts energy contained in fuel to work. It is a unit less ratio of energy produced by the 
engine to the energy contained in the fuel supplied to the engine. The rate of energy 
supplied to the engine is found by multiplying the mass flow rate of fuel by the energy 
content or LHV of the fuel. The equation used for thermal efficiency (Heywood 2.24c) 
uses values of BSFC (Table 5-14) and the experimental lower heating value (QLHV) 
(Table 5-3). Calculated thermal efficiency values for each test are shown in Table 5-15.  
        (10) 
B2 B20 B40 B60 B80 B100
1 248.70 249.30 264.32 269.25 269.35 280.54
2 247.52 247.32 259.41 266.84 268.33 277.89
3 246.88 247.83 257.81 264.92 268.77 275.70
4 247.21 248.16 257.06 264.10 268.48 277.22
5 248.20 256.22 264.63 269.32 278.70
6 247.81 247.06 255.27 263.45 269.56 279.29
7 249.66 257.53 265.38 270.50 278.41
8 252.94 253.18 259.91 267.81 272.82 280.40
9 257.72 259.93 265.00 272.87 278.58 288.61
10 260.90 264.51 269.65 276.36 282.56 291.39
11 265.61 266.02 272.27 278.46 286.52 295.13
Test 
Point
Calculated BSFC (g/kW-hr)
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Table 5-15: Calculated Thermal Efficiency Values (%) 
 
5.3.5 Air Mass Flow Rate 
To determine the Air/Fuel ratio discussed in the next section, the mass flow rate of 
combustion air is needed. The Laminar Flow Element (LFE) is used to measure 
volumetric flow rate of combustion air. The mass flow rate of air is found by using the 
volumetric flow rate and the density of the air. Air density is a function of pressure and 
temperature, and is directly affected by ambient weather conditions. Because air is a 
mixture of dry air and water vapor, the density of dry air and the density of water vapor 
are added together to find the density of humid air [33]. Partial pressures of dry air and 
water vapor are calculated from the barometric pressure and the dew point temperature. 
Equations and examples for calculating partial pressures are included in Appendix F.  
 
B2 B20 B40 B60 B80 B100
1 34.12 34.75 33.55 33.67 34.65 34.11
2 34.28 35.03 34.18 33.97 34.78 34.43
3 34.37 34.96 34.40 34.22 34.73 34.70
4 34.33 34.91 34.50 34.33 34.76 34.51
5 34.91 34.61 34.26 34.66 34.33
6 34.24 35.07 34.74 34.41 34.63 34.26
7 34.70 34.43 34.16 34.50 34.37
8 33.55 34.22 34.12 33.85 34.21 34.12
9 32.93 33.33 33.46 33.22 33.50 33.15
10 32.53 32.75 32.89 32.80 33.03 32.84
11 31.95 32.57 32.57 32.56 32.58 32.42
Test 
Point
Calculated Thermal Efficiency (%)
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        (11) 
where,  
Pd = Partial pressure of dry air (Pa) 
Pv = Partial pressure of water vapor (Pa) 
Rd = Specific gas constant for dry air = 287.05 (J/(kg-K)) 
Rv = Specific gas constant for water vapor = 461.495 (J/(kg-K))  
T = Temperature (K) 
 
 
The desired unit for mass flow is grams per second. Because the volumetric flow of air 
has units of cubic feet per minute, converting air density to grams per cubic foot is 
necessary. Air density is calculated using the air temperature at each test point, values 
with units of grams per cubic foot are shown in Table 5-16.  
        (12) 
Air mass flow rate is then calculated by multiplying air density and volumetric flow rate 
after converting the volumetric flow rate from cubic feet per minute to cubic feet per 
second. Calculated values of air mass flow rate are shown in Table 5-17.   
  (13) 
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Table 5-16: Calculated Air Density Values (g/ft
3
) 
 
Table 5-17: Calculated Values of Air Mass Flow Rate (g/s) 
 
5.3.6 Air/Fuel Ratio 
Air/fuel ratio is defined as the air mass flow rate divided by the fuel mass flow rate. The 
ratio of mass flow rates is useful in analyzing combustion characteristics and defining 
operating conditions. Dividing each mass flow rate (units of g/s) results in a unit less 
B2 B20 B40 B60 B80 B100
1 32.479 33.600 33.180 33.289 33.158 33.131
2 32.480 33.603 33.174 33.286 33.144 33.157
3 32.452 33.577 33.178 33.292 33.144 33.137
4 32.452 33.591 33.176 33.282 33.140 33.162
5 33.579 33.169 33.281 33.114 33.162
6 32.419 33.570 33.162 33.261 33.103 33.152
7 33.544 33.174 33.252 33.064 33.140
8 32.461 33.538 33.165 33.250 33.026 33.130
9 32.432 33.513 33.175 33.211 33.011 33.155
10 32.384 33.498 33.156 33.199 32.998 33.152
11 32.356 33.458 33.135 33.190 32.985 33.133
Test 
Point
Calculated Air Density (g/ft3)
B2 B20 B40 B60 B80 B100
1 6.595 6.765 6.680 6.714 6.732 6.705
2 6.872 7.047 6.970 6.983 6.984 6.969
3 7.147 7.275 7.225 7.256 7.272 7.210
4 7.432 7.610 7.517 7.546 7.533 7.538
5 8.033 7.892 7.928 7.903 7.878
6 8.093 8.319 8.219 8.253 8.221 8.214
7 8.650 8.507 8.569 8.520 8.510
8 8.849 9.107 8.986 9.036 8.981 8.985
9 9.126 9.413 9.276 9.318 9.281 9.279
10 9.352 9.556 9.481 9.482 9.475 9.431
11 9.669 9.942 9.778 9.855 9.809 9.771
Test 
Point
Calculated Air Mass Flow Rate (g/s)
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value of air fuel ratio. Heywood defines the range of air/fuel ratio for normal operating 
conditions of diesel engines from 18-70 [2]. Calculated values of air/fuel ratio are shown 
in Table 5-18. 
Table 5-18: Calculated Values of Air/Fuel Ratio 
 
5.3.7 Corrected NOx 
NOx is formed when atmospheric nitrogen and oxygen are exposed to the extremely high 
temperatures. The formation of NOx is driven directly by the adiabatic flame temperature 
of combustion. Ambient air conditions affect the specific heat of combustion air and 
therefore the adiabatic flame temperature and the formation of NOx. For this reason, NOx 
emissions are impacted greatly by ambient air temperature, pressure, and humidity. 
Comparisons of NOx emissions between tests performed in different ambient conditions 
are not valid unless corrected to standard conditions. The derivation for the NOx 
B2 B20 B40 B60 B80 B100
1 27.93 28.65 26.83 26.31 26.22 25.30
2 27.99 28.65 26.91 26.37 26.24 25.19
3 27.66 28.20 26.93 26.26 25.88 25.09
4 27.56 28.15 26.72 26.28 25.68 24.93
5 27.83 27.06 26.22 25.74 24.88
6 27.62 28.59 27.13 26.45 25.72 24.72
7 28.02 26.86 26.30 25.53 24.79
8 27.31 28.05 27.04 26.37 25.66 25.03
9 26.79 27.36 26.63 25.68 25.22 24.12
10 26.07 26.37 25.53 25.09 24.48 23.54
11 25.58 26.19 25.31 24.97 24.18 23.49
Test 
Point
Calculated Air/Fuel Ratio 
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correction procedure for diesel engines was obtained from the Environmental Protection 
Agency’s website [34]. The calculation of the NOx correction factor with example 
calculations is given in Appendix G. The ambient weather conditions (Barometric 
pressure and dew point temperature) used to calculate the NOx correction factor and the 
resulting calculated values are given in Table 5-19. Calculated values of corrected NOx 
emissions are shown in Table 5-20. 
Table 5-19: NOx Correction Factors and Ambient Weather Conditions 
 
Table 5-20: Corrected NOx Emissions (ppm) 
 
B2 B20 B40 B60 B80 B100
29.00 29.52 29.39 29.37 29.43 29.34
59.60 41.40 57.80 39.60 53.20 51.70
1.0099 0.9144 0.9943 0.9091 0.9657 0.9581
Barometric Pressure (inHg)
Dew Point (oF) 
Calculated NOx Corr. Factor
B2 B20 B40 B60 B80 B100
1 530.37 511.01 523.49 487.05 491.35 511.15
2 514.29 497.83 502.44 469.41 479.18 491.19
3 508.82 483.43 486.62 458.27 472.33 473.70
4 480.29 459.04 463.46 437.73 450.11 452.22
5 436.56 438.56 420.18 435.63 429.39
6 446.17 430.39 425.06 410.91 424.23 419.89
7 410.50 408.24 400.09 411.87 407.59
8 415.91 396.63 396.39 389.09 397.10 394.26
9 398.49 379.11 382.38 376.73 380.87 379.65
10 383.00 367.14 363.24 365.73 368.37 368.87
11 359.69 346.57 347.34 347.64 353.21 349.67
Test 
Point
Corrected NOx Emissions (ppm) 
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5.3.8 Exhaust Energy 
Calculation of energy lost in the exhaust gas is necessary for determining the amount of 
heat transfer to the cylinder (heat rejection) and characteristics of combustion. To 
simplify the calculation, the exhaust gas products were assumed to be air at standard 
pressure. Specific heat values were interpolated from Turns [35] for air at the average 
temperature of the intake air and the exhaust gas. The energy lost to exhaust is then found 
by multiplying the mass flow rate of intake air by the specific heat and change in 
temperature between the intake and exhaust for each test point. The value was then 
divided by the energy supplied by the fuel to obtain the energy lost to exhaust as a 
percentage of the total energy supplied by the fuel (Table 5-21).  
        (14) 
Table 5-21: Calculated Values of Energy Lost to Exhaust Gas (% of total energy) 
 
B2 B20 B40 B60 B80 B100
1 22.05 22.35 21.57 21.68 22.16 21.92
2 22.50 22.78 22.19 22.14 22.55 22.42
3 22.58 22.76 22.37 22.29 22.62 22.63
4 22.70 23.07 22.58 22.60 22.81 22.76
5 23.49 23.21 23.09 23.29 23.15
6 23.46 24.02 23.70 23.61 23.57 23.40
7 24.04 23.79 23.71 23.77 23.71
8 24.21 24.70 24.39 24.31 24.41 24.37
9 24.65 25.10 24.77 24.58 24.84 24.44
10 24.76 24.93 24.61 24.58 24.85 24.42
11 25.16 25.48 25.06 25.07 25.09 24.83
Test 
Point
Energy Lost to Exhaust (% of total) 
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5.3.9 Heat Rejection 
Heat rejection refers to the combustion energy lost by heat transfer to the surfaces of the 
combustion chamber.  An estimated value heat rejection can be found by subtracting the 
energy lost to exhaust and the usable energy produced by the engine from the total energy 
supplied by the fuel. The energy lost to heat transfer is only an estimated value because it 
includes frictional energy losses from the engine, driveshaft, speed reduction system, and 
the DC absorbing motor. For comparisons of the same test point, the frictional losses are 
constant and a change in heat transfer loss accurately represents a change in heat transfer 
loss. For different test points, especially as speed increases, the frictional losses are 
increased. As frictional losses are increased, the calculated value of heat transfer losses 
also increases. Although heat transfer rate does change with engine speed, comparisons at 
different set points should not be made. Calculated values of heat rejection are shown in 
Table 5-22. 
 
         (15) 
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Table 5-22: Energy Lost to Heat Rejection (% of total) 
 
B2 B20 B40 B60 B80 B100
1 43.83 42.90 44.87 44.65 43.19 43.97
2 43.22 42.19 43.62 43.89 42.67 43.15
3 43.04 42.28 43.23 43.49 42.65 42.66
4 42.97 42.02 42.92 43.07 42.43 42.72
5 41.61 42.18 42.65 42.06 42.52
6 42.29 40.91 41.56 41.98 41.80 42.34
7 41.26 41.78 42.13 41.73 41.92
8 42.24 41.08 41.49 41.84 41.38 41.50
9 42.43 41.57 41.76 42.19 41.65 42.41
10 42.72 42.32 42.51 42.62 42.11 42.75
11 42.89 41.95 42.37 42.37 42.34 42.75
Test 
Point
Energy Lost to Heat Rejection (% of total) 
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CHAPTER 6 DISCUSSION AND CONCLUSION   
This chapter will discuss the testing results, conclusions, and recommendations for future 
work. Testing results include fuel properties, engine performance parameters, and 
exhaust emissions from different blends of biodiesel. Data was plotted against the 
concentration of biodiesel with constant lines of speed for each test. Comparing the data 
against the concentration of biodiesel is helpful in separating the effects of biodiesel 
blending and engine speed. Trends in results are justified and the viability of biodiesel as 
an alternative to standard diesel fuel is assessed.  
6.1 Discussion of Fuel Properties 
Although similar chemically, standard diesel and biodiesel have some differences in 
chemical and physical properties. Chemically, biodiesel contains oxygen atoms, has 
lower energy content, and has a greater cetane number than standard diesel fuel. Oxygen 
atoms in the fuel promote better combustion by supplying oxygen to the localized fuel 
rich regions of the combustion chamber. The expected effect is more complete 
combustion and, as a result, less Carbon Monoxide (CO) and Unburned Hydrocarbon 
(UHC) emissions. The energy content of biodiesel is lower primarily because the fuel is 
already partially oxidized by the contained oxygen atoms. The expected effect of 
decreased energy content is increased fuel consumption on a mass and volume basis. 
Biodiesel has a greater cetane number than standard diesel, which means it will ignite 
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sooner, decreasing the ignition delay period between the start of injection and start of 
combustion, effectively advancing timing. Advanced timing means the combustion starts 
earlier and has more time to complete. The expected effect is increased efficiency, 
increased combustion temperatures, increased NOx emissions, and decreased CO and 
UHC emissions. Physically, the biodiesel used in this study has a 67% greater kinematic 
viscosity than standard diesel. The increased kinematic viscosity is expected to negatively 
affect the spray pattern of the fuel when injected into the cylinder. The diameter of the 
fuel droplets is expected to increase and the spray is expected to have an increased 
penetration at a decreased angle.  
6.2 Discussion of Engine Performance Parameters  
This section will present plots and a discussion for the following engine performance 
parameters: Brake Mean Effective Pressure (BMEP), Brake Specific Fuel Consumption 
(BSFC), Thermal Efficiency, Air/Fuel ratio, and Heat losses. The calculations and 
calculated data are presented in Chapter 5.     
6.2.1 Discussion of Brake Mean Effective Pressure Results 
Comparing BMEP values presented in Table 6-1, the values are 30% lower than the 
range of values suggested by Heywood [2] to confirm a good engine design (700-900 
kPa). The values necessary for good engine design correspond to maximum values of 
engine torque. The testing performed for this thesis represents the maximum continuous 
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torque at a range of speeds, which is 15% lower than the maximum rated torque. 
Justification of BMEP values is not critical for the testing performed but is necessary to 
validate the precision of the testing apparatus. More to the point, the BMEP values can be 
used to validate the repeatability of test points and thus the testing apparatus. The 
equation for BMEP can be reduced to a function of engine torque and engine 
displacement. Since the designed torque at each test point is set to 12 ft-lbs, the desired 
BMEP at each test point is 489.13 kPa for a 0.418 Liter engine. The average test point 
deviation of BMEP as a percentage of the desired value is 0.26% (Table 6-1). A BMEP 
deviation of 0.26% verifies the consistency and repeatability of the test method and 
apparatus, ensuring any variation in results is not due to variations in how the testing was 
performed. 
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Table 6-1: Deviation of Calculated BMEP Values 
 
 
6.2.2 Discussion of Brake Specific Fuel Consumption  
Values of BSFC are plotted in Figure 6-1 and show a clear increase in BSFC for 
increased speeds and increased concentrations of biodiesel. As engine speed increases, 
frictional losses and pumping losses also increase. Consider the piston in the engine 
traveling up and down the cylinder, the piston rings are physically touching the cylinder 
wall and creating friction. Because of the friction between the two surfaces, each stroke 
of the piston requires some force to overcome the frictional forces. The piston is used as 
an example, but frictional losses occur at each moving part of the engine. As speed 
increases, the frictional losses over a period of time also increase. The same is true for 
pumping combustion air into the combustion chamber. Some energy is required to pump 
air into the engine. This is known as pumping loss and increases proportionally with the 
B2 B20 B40 B60 B80 B100
1 490.11 488.10 487.51 488.89 489.28 487.60 0.19
2 488.00 487.39 490.84 488.54 487.75 488.80 0.24
3 491.79 487.80 488.89 488.85 490.40 490.14 0.23
4 490.32 488.94 490.77 489.18 490.95 489.38 0.17
5 496.14 488.55 491.48 490.94 489.61 0.50
6 487.40 487.50 490.13 490.82 490.52 491.71 0.34
7 490.41 489.40 487.74 490.75 490.24 0.23
8 489.55 491.31 489.13 490.64 491.26 489.13 0.21
9 487.88 488.83 486.83 490.56 488.37 491.25 0.28
10 488.68 489.08 489.24 486.92 488.67 490.44 0.16
11 489.59 490.61 490.40 488.30 487.57 486.39 0.28
Average 0.26
Avg. Dev. 
(%)
Calculated BMEP (kPa)
Test Point
90 
 
 
volume of air being pumped. The volume of air pumped into the engine is directly 
controlled by the speed of the engine so increased speed results in increased pumping 
losses. To overcome increased frictional forces and pumping losses, more energy is 
required to achieve the desired speed and torque. Energy is added by increasing the 
amount of fuel injected. As speed increases more fuel is consumed to overcome frictional 
losses and brake specific fuel consumption is increased. 
Also from the plot of BSFC (Figure 6-1), BSFC increases with increased biodiesel 
concentration. This trend is expected due to the lower energy content of biodiesel. BSFC 
relates the mass of fuel consumed to the power produced by the engine. Since biodiesel 
contains less energy on a volume and mass basis, more fuel must be injected to achieve 
the same power output. Comparing pure biodiesel (B100) to the standard fuel (B2), 
BSFC is increased by 12%. The increase is justified by the 11.3% decrease in energy 
content. How well the energy contained in the fuel is converted to work by the engine is 
discussed in the next section on thermal efficiency.     
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Figure 6-1: Yanmar Biodiesel Blending: Brake Specific Fuel Consumption Results 
 
6.2.3 Discussion of Thermal Efficiency  
Values of Thermal Efficiency are plotted in Figure 6-2 to show trends due to engine 
speed and biodiesel blending. Much like BSFC, thermal efficiency is greatly affected by 
engine speed. For each fuel, thermal efficiency results are similar at low speeds (up to 
2500 rpm), and decrease significantly at high speeds (above 2500 rpm). The increased 
friction at greater speeds is likely responsible for decreased thermal efficiency. In 
general, the thermal efficiency at all speeds is increased for each biodiesel blend 
compared to the standard fuel.  
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Results at low speeds are unstable but the overall trend is increased efficiency from B2 to 
B20 and then gradually decreased thermal efficiency from B20 to B100. The cause of the 
instability is likely a result of poor atomization and mixing from low speed operation and 
increased biodiesel concentration. Biodiesel has greater kinematic viscosity (which 
hinders atomization) and increased cetane number (which effectively advances timing). 
As biodiesel concentration is increased, unstable combustion occurs at low speeds as a 
result of poor mixing or an effective timing that is too far advanced. The exact cause is 
difficult to isolate but both problems are resolved with increased engine speed, which 
effectively retards combustion timing and promotes better mixing.  
At high speeds, where mixing issues are resolved, thermal efficiency gradually increases 
with the concentration of biodiesel up to B80 where it is increased by 1.8% compared to 
B2. From B80 to B100, thermal efficiency decreases slightly but remains 1.2% better 
than B2. The increased efficiency is likely a result of fuel properties such as oxygen 
content and increased cetane number which in theory effectively advances timing and 
allows more time for combustion to complete. A heat loss analysis presented in Section 
6.2.5 provides supplemental information on the thermal efficiency effects of biodiesel. 
The small drop in efficiency from B80 to B100 could be from poor atomization caused 
by increased kinematic viscosity. 
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Figure 6-2: Yanmar Biodiesel Blending: Thermal Efficiency Results Plot 
 
6.2.4 Discussion of Air/Fuel Ratio 
Air/Fuel ratio is calculated from the mass flow rates of air and fuel, and plotted against 
speed in Figure 6-3. Because volumetric airflow is directly controlled by engine speed, 
the mass flow rate of air at a specific engine speed is constant with exception to small 
variations in air density due to ambient weather conditions. As speed is increased, the 
Air/Fuel ratio decreases because more fuel is required to overcome frictional losses as 
discussed in the previous section. Also, increased pumping losses at increased speeds 
decrease volumetric efficiency which is a parameter used to measure the effectiveness of 
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the induction process [2]. Volumetric efficiency compares the actual flow rate of air to 
the maximum possible flow rate of air (without losses) determined by the displacement 
volume and speed of the engine. Volumetric efficiency decreases with speed, 
contributing to decreased Air/Fuel ratio with increased speed.   
Air/Fuel ratio also decreases with increasing biodiesel concentration because a greater 
mass of biodiesel is injected to achieve the same energy input. The increase in Air/Fuel 
ratio from standard fuel to B20 is explained by increased thermal efficiency with B20 and 
increased mass airflow rates due to ambient weather conditions (i.e. colder and thus more 
dense air) on the particular test date.  
 
Figure 6-3: Yanmar Biodiesel Blending: Air/Fuel Ratio Results Plot 
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6.2.5 Discussion of Heat Losses  
Heat losses include energy lost to exhaust gas and heat transfer to the combustion 
chamber (heat rejection). These heat losses are useful in characterizing the heat release 
for each fuel. From the plot of energy lost to exhaust (Figure 6-4) and the plot of heat 
rejection (Figure 6-5), increased engine speed correlates to increased energy lost to 
exhaust gas and decreased heat rejection. Increased speed effectively retards timing, 
decreasing peak cylinder temperatures and reducing the amount of time for heat to 
transfer to the engine. A later start of combustion, lower peak flame temperature, and less 
time for heat transfer all result in less heat rejection and increased exhaust energy.  
Comparing B2 to B20, for each engine speed, the energy lost to exhaust increases and the 
heat rejection decreases, but the trend for increasing concentrations of biodiesel is not as 
clear. After discussing the heat loss data with Professor Indranil Brahma, it was 
determined that the variance in exhaust energy is much lower than the variance in heat 
rejection for each fuel blend compared to standard diesel [36]. The result is a decrease in 
heat rejection that is greater than the increase in exhaust energy meaning less total heat 
loss and increased efficiency. The decreased heat rejection is believed to be a result of a 
slower heat release rate and lower flame temperatures due to lower energy content with 
increasing biodiesel concentration [36]. Although flame temperature cannot be measured, 
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this claim is consistent with NOx emissions results. As discussed in Section 6.3.4, NOx 
emissions are a direct indicator of flame temperature.   
 
Figure 6-4: Yanmar Biodiesel Blending: Energy Lost to Exhaust 
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Figure 6-5: Yanmar Biodiesel Blending: Heat Rejection 
 
6.3 Discussion of Emissions Results 
The general trend in published testing results of emissions for biodiesel compared to 
standard diesel is a decrease in hydrocarbons, carbon monoxide, and carbon dioxide with 
a slight increase in NOx. This section will present, discuss, and compare experimental 
results obtained with the published trends. 
6.3.1 Discussion of Unburned Hydrocarbon Emissions 
Comparing the UHC emissions data in Figure 6-6, a decrease is evident with increased 
concentrations of biodiesel and engine speed. Heywood [5] claims increased engine 
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speed promotes better mixing of air and fuel and reduces UHC emissions caused by 
under mixing of fuel. For each fuel, UHC emissions are decreased by approximately 30% 
from 2000 rpm to 3000 rpm. The large decrease of UHC from biodiesel is linked to fuel 
properties. Compared to standard diesel, biodiesel contains oxygen atoms and has an 
increased kinematic viscosity and cetane number. While the increased kinematic 
viscosity would have a negative effect on spray pattern and mixing, the effect is 
overcome by the positive effects of oxygen content and cetane number. Oxygen atoms 
contained in biodiesel suppress the effect of localized fuel rich zones in the combustion 
chamber. Increased cetane number means the fuel has a decreased ignition delay period. 
The effect is combustion starts earlier in the cycle and has more time to burn before being 
exhausted. The result of increased engine speed and increased concentration of biodiesel 
is a significant reduction in unburned hydrocarbon emissions. Comparing the 
measurements between B2 and B100, the average decrease of hydrocarbon emissions 
over the entire speed range is 43%.      
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Figure 6-6: Yanmar Biodiesel Blending: Hydrocarbon Emissions Plot 
     
6.3.2 Discussion of Carbon Monoxide Emissions 
Incomplete combustion or partial oxidation of fuel is the main cause of CO formation 
from internal combustion engines. When a lack of oxygen exists, carbon in the fuel 
cannot completely oxidize to CO2.  CO emissions typically go hand in hand with 
hydrocarbon emissions as unburned hydrocarbons directly represent incomplete 
combustion of fuel. CO emissions are expected to decrease for the same reasons 
increased speed and concentrations of biodiesel decrease hydrocarbon emissions. For all 
blends, CO emissions are reduced with biodiesel (Figure 6-7). Comparing results from 
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B2 to B100, the average reduction in CO across the speed range is 21.4%. A clear 
reduction of CO is noticed at the higher speeds with biodiesel blending but the trend at 
lower speeds is not as clear.  The instabilities at low speeds are likely caused by poor 
mixing or insufficient exhaust gas temperatures needed to convert CO to CO2. The 
variance in CO measurements is decreased at increased speeds due to better mixing and 
higher temperatures later in the cycle as evidenced by increased exhaust gas temperatures 
(Figure 6-8).  
 
Figure 6-7: Yanmar Biodiesel Blending: Carbon Monoxide Emissions Plot 
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Figure 6-8: Yanmar Biodiesel Blending: Exhaust Gas Temperatures Plot 
 
6.3.3 Discussion of Carbon Dioxide Emissions 
From a balance of the stoichiometric combustion reaction, it is known that Carbon 
Dioxide emissions are directly related to the amount of carbon atoms in the fuel and 
therefore the amount of fuel consumed. Comparing fuel composition from Table 5-1, the 
average B2 fuel molecule contains 12.414 carbon atoms and each B100 fuel molecule 
contains 18 carbon atoms. On a mass basis, the carbon composition for B2 and B100 is 
86.6% and 77.1%, respectively. Each gram of B2 contains 42.424 kJ of energy and 0.866 
grams of carbon and each gram of B100 contains 37.625 kJ of energy and 0.771 grams of 
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carbon. 1.128 grams of B100 (containing 0.869 grams of carbon) is needed to achieve the 
same energy content as one gram of B2 resulting in the same carbon input per unit of 
energy for each fuel.  Incomplete combustion can cause carbon monoxide formation and 
prevent the carbon contained in the fuel from fully converting to CO2 but the effect is 
small for diesel engines. CO2 emissions are generally an indicator of engine efficiency. 
Since CO2 emissions are directly controlled by fuel consumption, a lower amount of CO2 
at a set point would indicate less fuel burned to achieve the same power output, meaning 
greater efficiency. CO2 emissions for each test are plotted in Figure 6-9. The overall trend 
from the plot is a decrease in CO2 with increased biodiesel concentration and the average 
decrease in CO2 emissions from B2 to B100 is 2%. Because each fuel contains the same 
amount of carbon per unit of energy, the decrease in CO2 represents an increase in 
thermal efficiency. While not generally considered a pollutant, CO2 emissions are 
responsible for global warming and reduction is desired. Because biodiesel is produced 
from plant oil, and plants naturally absorb CO2 the life cycle reduction of CO2 from 
biodiesel can be as high as 78% [16].  
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Figure 6-9: Yanmar Biodiesel Blending: Carbon Dioxide Emissions Plot 
  
6.3.4 Discussion of NOx Emissions 
NOx formation is driven primarily by adiabatic flame temperature with higher 
temperatures creating more NOx [37]. Adiabatic flame temperature should not be 
confused with exhaust gas temperature which increases with engine speed because less 
time is available for heat to transfer to the engine and remains in the exhaust gas. To 
understand the effect of timing on adiabatic flame temperature, consider a case where 
timing is advanced. When timing is advanced, combustion starts earlier in the cycle and 
more fuel is burned before the piston reaches top dead center, resulting in increased peak 
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pressure and temperature. The diffusion flame is exposed to the increased pressure and 
temperature, resulting in unburned fuel inside the diffusion flame being heated. The 
increased fuel temperature also increases the adiabatic flame temperature and therefore 
increases NOx emissions. From the plot of corrected NOx emissions shown in Figure 6-
10, the obvious trend for all fuel blends is a decrease of NOx with increased engine speed. 
Increasing engine speed promotes better mixing and effectively retards timing, causing 
combustion to start later or closer to top dead center. Combustion occurring later in the 
cycle reduces the peak pressure and temperature which reduces NOx. NOx is further 
reduced by better mixing of fuel and air. Better mixing causes a more uniform 
distribution of fuel and air, reducing hot spots and distributing energy to the inert excess 
air in the cylinder. The result is a lower combustion temperature and decreased NOx.  
Biodiesel has an increased cetane number compared to standard diesel which effectively 
advances combustion timing. Theoretically, advancing the timing would cause more NOx 
because the combustion starts earlier resulting in increased peak pressure and adiabatic 
flame temperature. Despite this property of biodiesel that should cause an increase in 
NOx emissions and the published data that matches the theory, the experimental results 
show the opposite. For speeds above 2600 rpm, we see approximately a 4% reduction in 
NOx for all fuel blends compared to the standard fuel. For speeds of 2500 rpm and less, 
we see an average NOx decrease of 5.5% and an overall trend of decreased NOx with 
increasing concentrations of biodiesel.  
105 
 
 
The only fuel properties of biodiesel that could explain the NOx reduction phenomenon 
are energy content and kinematic viscosity. Biodiesel has lower energy content because it 
is already partially oxidized by the oxygen atoms contained in the fuel. The decreased 
energy content of biodiesel also causes increased injection duration. Because the fuel has 
less energy per volume, more volume is injected to achieve the same amount of energy 
injected compared to standard diesel. The physical start of fuel injection is constant 
regardless of the fuel, but as more fuel is injected the duration of the injection event is 
increased. Compared to standard fuel, the same amount of energy is extracted over a 
longer period of time. The believed effect is a slower heat release rate and less intense 
burning of fuel during combustion resulting in lower adiabatic flame temperatures which 
decreases NOx emissions. The increased kinematic viscosity of biodiesel inhibits 
atomization because the stabilities needed for fuel disintegration are suppressed [19]. 
Hindered atomization reduces the mixing rate of fuel and air. According to Heywood, 
reducing the mixing rate of fuel and air reduces the rate of heat release during diffusion 
combustion [37]. The increased kinematic viscosity of biodiesel further reduces the rate 
of heat release resulting in decreased flame temperature and lower NOx emissions.    
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Figure 6-10: Yanmar Biodiesel Blending: Corrected NOx Emissions Plot 
 
6.4 Conclusions 
Using biodiesel as an alternative to standard diesel fuel in a single cylinder 10 HP 
Yanmar diesel engine is feasible without modification or a sacrifice in performance. Test 
results show an increase in thermal efficiency, brake specific fuel consumption, and a 
decrease in harmful exhaust emissions. Small reductions of NOx emissions and 
significant reductions of UHC and CO emissions are made with increasing concentrations 
of biodiesel. Thermal efficiency is increased for each fuel blend compared to standard 
diesel. Maximum thermal efficiency is obtained with B20 and decreases slightly with 
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increasing concentration of biodiesel. The chemical properties including reduced energy 
content and added oxygen content increase the mass based fuel consumption but provide 
increased thermal efficiency and reduced exhaust emissions. The renewable and non-
toxic nature of biodiesel makes it a sustainable and safe alternative to standard diesel 
fuel. Another important benefit is the net reduction of carbon dioxide emissions from the 
plants used to produce the fuel. 
The results indicate that the goals and objectives of this thesis project were met, and the 
project is therefore a success. A test bed for determining and comparing performance and 
emissions characteristics of standard and alternative fuels burned in CI engines was 
designed and built. The functionality of the apparatus was tested and confirmed and the 
accuracy and consistency of the test measurements were validated. Performance and 
emissions testing was performed for standard diesel fuel, pure bio-diesel derived from 
soybean oil, and blends of the two. Testing results were analyzed and the feasibility of 
biodiesel as an alternative fuel was assessed.    
6.5 Recommendations for Future Work 
The testing apparatus and test methods developed and used in this thesis provide a solid 
foundation for testing and future experiments. That being said, improvements could be 
made to the apparatus to make additional measurements, and increase the quality of 
current data measurements. Some desirable testing options not currently available are 
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measurements of exhaust smoke and cylinder pressure. Smoke measurements are 
important characteristics of exhaust analysis, especially for CI engines. An encoder could 
be used in conjunction with a pressure transducer to measure the crank angle and 
corresponding combustion pressure. Knowing the cylinder pressure for each particular 
crank angle would provide a clear picture of the combustion and allow for more exact 
heat release analysis. Due to cost constraints the equipment necessary to collect this data 
was not available but the addition of this equipment would be an excellent improvement 
to the apparatus. 
To increase the quality of data measurements from the apparatus, improvements could be 
made to the current equipment used to measure air flow, fuel mass, and exhaust gas. The 
LFE used to measure airflow is very old and should be either replaced or re-calibrated. 
The manufacturer is not willing to calibrate the device, so a method to calibrate at 
Bucknell University would be useful if replacement is not an option. Fuel mass 
measurements made with the Sartorious paint scale are currently accurate but 
measurements are communicated through a serial port. Serial communications are slow 
and occasionally cause problems with the data acquisition program. A new version of the 
scale with a USB output would provide much faster and reliable data acquisition. The last 
recommendation for improvement is the installation of a switch between the exhaust pipe 
and the beginning of the emissions sample line. Controlling the emissions equipment to 
only make measurements at the desired testing points opposed to all the time would 
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reduce residual effects on measurements. The solution is not simple though. The switch 
needs to handle the high temperatures of exhaust gas and be remotely operated from the 
control desk. The switch should not restrict the flow of sample exhaust gas or allow the 
gas to leak into the room. When the switch is used to stop the flow of exhaust sample, it 
must also allow the flow of room air to the analyzers to prevent damage to the sample 
pumps contained in the analyzers. 
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APPENDIX A: EMISSIONS EQUIPMENT OPERATION PROCEDURE 
Use of this equipment requires approximately two hours of setup time before any data 
can be taken. Plan your testing schedule accordingly.  
Equipment Schematic: 
 
 
Figure A-1: Equipment Schematic Overview 
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Figure A-2: Horiba PG-250 Rear Panel Schematic 
 
Preparation and warm up: 
 
1. Turn on Horiba PG-250, CAI HFID, Heated Filter, and Heated line.  
a. The heated filter temperature control should be set to 170C 
b. Heated line temperature control should be set to 300F. 
 
2. Fill the Chiller with ice and water.  
a. Fill a five gallon bucket with ice from the utility room located on the 
second floor of Breakiron and next to the men’s bathroom. 
b. Add the ice to the empty chiller. Make sure the drain valve is closed.  
c. Add six inches of water to the ice bucket and add to the chiller. The liquid 
level should be just below the inlet line of the coil at the top of the chiller.  
** It is important to add the ice and then the water to prevent a large mess during 
the transfer process. 
 
3. Check the heated filter element (Figure A-3) 
a. It may be necessary to replace the filter element or wipe off excess 
particulate matter with a paper towel.  
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Figure A-3: Heated Filter Element 
 
 
4. Replace the sample line filter (Figure A-4) on the Horiba unit. The arrow 
should face towards the inside of the machine.   
 
 
Figure A-4: Horiba Sample Filter 
 
 
5. HFID Warm up period 
a. The HFID unit will need to warm up until the “Oven Temperature” 
reaches 180
o
C. This will take approximately twenty minutes. Check the 
oven temperature by pressing “Main” then enter the Diagnostics screen by 
pressing “F3.” 
 
6. HFID Burner Ignition 
**Do not ignite burner until the oven temperature has reached 180
o
C 
a. Verify the burner fuel and combustion air lines are connected to the HFID. 
b. Turn on gas cylinders and verify the regulator pressures are set to 20 psi. 
c. Verify the valves after the regulators are open.  
d. Check for leaks by applying “Snoop” to all connections.  
e. Bleed the fuel line by loosening the fitting at the inlet port of the HFID 
with a 9/16 inch wrench. After a few seconds retighten the fitting and 
check for leaks. 
f. To start ignition enter the main menu by pressing “Main” and then start 
Ignition by pressing “F8.”  
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g. After ignition has been started a warm up of one hour is required before 
proceeding to calibration.  
        
7. Horiba warm up period. 
a. A one hour timer will appear on the display of the unit when the power is 
turned on. Calibration cannot be performed until the warm up period is 
complete. 
 
Calibration Procedure 
1. Zero HFID 
a. Zero gas for the HFID is also the combustion air. No additional 
connections need to be made or checked providing you have correctly 
followed the steps up to this point. 
b. Enter the main menu by pressing “Main”  
c. Enter the Calibrations menu by pressing “F4.” 
d. Enter Manual Calibrations menu by pressing “F2.” 
e. Flow Zero gas by pressing “F1.” 
f. Allow the measurement to stabilize (about 5 minutes) 
g. After the zero measurement has stabilized press “F1” to save the value. 
h. Return to the Manual Calibrations Menu by pressing “F2.” 
i. Proceed to Step 2 of the calibration procedure to Span the HFID.    
  
2. Span HFID 
a. Turn on the Span gas cylinder and verify the regulator pressure is set to 25 
psi.  
b. Use “Snoop” to check for leaks at all connections.  
c. Verify the valve after the regulator is open.  
d. Bleed the line by loosening the connection at the HFID with a 9/16 
wrench. After a few seconds retighten the connection.  
e. Verify the span gas concentration saved in the HFID matches the 
concentration on the Printed analysis sheet attached to the span gas bottle.  
f. Enter the main menu by pressing “Main”  
g. Enter the Calibrations menu by pressing “F4.” 
h. Enter Manual Calibrations menu by pressing “F2.” 
i. From the manual calibrations menu press “F2” to flow the span gas. 
j. Allow 5-10 minutes for the measurement to stabilize then press “F1” to 
save. 
k. Turn off the span gas cylinder valve 
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l. Bleed the line and regulator by loosening the connection at the HFID with 
a 9/16 wrench.   
m. Go back to the main menu by pressing “Main.”  
n. View the measurement screen by pressing “F1.” 
  
3. Zero Horiba 
a. After the one hour warm up period has expired turn on the Nitrogen tank 
and verify the regulator pressure is set to 50 kPa with the valve after the 
regulator closed. 
b. Open the valve and connect the Nitrogen line to the sample port.  
c. From the measurement screen press “Menu/Set” 
d. Press “Menu/Set” again to enter the Calibration menu.  
e. Verify span gas concentrations match the printed analysis sheet attached to 
the span gas bottle.  
f. Use “R” and “F” cursor buttons to toggle between values. Use the Select 
arrows to change values.  
g. Set Line to “MEAS” 
h. Set all CAL SEL values to “ZERO” 
i. Wait to stabilize ( Approx. 5-10 minutes) 
j. Press “Menu/Set” to save zero calibration 
k. Turn off the Nitrogen tank and disconnect the line from the unit  
 
4. Span Horiba 
a. Turn on the Span gas and verify the regulator pressure is set to 50 kPa 
with the valve after the regulator closed. 
b.  Open the valve after the regulator and connect the line to the Cal port. 
c. From the Calibration menu set LINE to CAL-1 
d. Set the CAL SEL to SPAN for NO, CO, and CO2. Set all others to “None” 
e. Wait to stabilize (Approx. 5-10 minutes) Do not flow span gas more than 
15 minutes.  
f. Press “Menu/Set” to save span calibration 
 
g. From the Calibration menu set LINE to CAL-2 
h. Set the CAL SEL to SPAN for SO2. Set all others to “None” 
i. Wait to stabilize (Approx. 5-10 minutes) Do not flow span gas more than 
15 minutes.  
j. Press “Menu/Set” to save span calibration 
k. Turn off the span gas tank and disconnect the line 
 
l. From the Calibration menu set LINE to MEAS 
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m. Set the CAL SEL to SPAN for O2. Set all others to “None” 
n. For this calibration the unit will draw in room air and use the oxygen 
concentration as the span value. This value is set at 21.00% 
o. Wait to stabilize ( Approx. 5-10 minutes) 
p. Press “Menu/Set” to save span calibration 
q. Press “Exit” two times to return to the measurement screen 
r. Change “NOx and “SO2”measurements to “Corr.NOx” and “Corr.SO2”  
 
Shutdown Procedure 
1. General Shutdown 
a. Disconnect the sample line at the engine with a 5/8 wrench 
b. Remove the sample line from the back of the Horiba unit and cap the line 
c. Run the chiller drain tube to a suitable floor drain and open the valve to 
drain water and melting ice  
d. Allow the analyzers to draw room air for 20-30 minutes before proceeding 
to the next step 
e. Turn off the heated sample line 
f. Disconnect the sample line at the heated filter with an 11/16 wrench 
g. Back flush the heated sample line with nitrogen 
2. Horiba Shutdown 
a. Press the purge button 
b. Wait for the “Purge Completed” to be displayed. 
c. Turn off power switch at the back of the unit 
d. Replace the sample filter element before storage   
 
3. HFID Shutdown 
a. Enter the main menu by pressing “Main” and then purge the analyzer by 
pressing “F4.” 
b. Wait for the purge to complete 
c. Turn off the air and burner fuel cylinders allowing the burner to go out. 
The air will run out first so bleed excess fuel from the line by loosening 
the connection at the back of the unit 
d. Allow the unit to draw in room air for 5-10 minutes before turning off the 
power 
 
4. Turn off heated filter  
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APPENDIX B: DATA FILE PREPARATION PROCEDURE 
1. Log on to the computer  
2. Prepare and save the data file 
a. Locate and open the excel file named “Blank Data File” on the desktop 
b. A dialog box will appear asking you to verify the file is not corrupted. Click Yes. 
 
 
 
c. Another dialog box will appear stating the file is in a different format than 
specified by the extension. Click yes. 
 
 
 
 
d. With the file open, click “save as” and save the file as the Month, day, and a 
detail of what you will be testing. For example, testing 100% biodiesel on May 
13th, the file name would be “May_13_B100.xls”  Make sure the file type is “Text 
(Tab delimited)” 
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e. A dialog box will appear stating features may not be compatible with this file 
type. Click yes to keep the file in this format.  
 
 
f. Exit the excel program. Another dialog will appear asking if you want to save 
changes to the file.  Click No.  
 
 
g. From the desktop open the LabVIEW® program titled “Data_Program” Click the 
folder icon to set the file path for the data to be saved. Choose the file you 
created in the previous step. 
 
 
 
h. From the file menu, save the LabVIEW® program.  
i. Begin collecting data by clicking the arrow in the toolbar located in the top left 
of the screen.  
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APPENDIX C: DYNAMOMETER STARTUP AND OPERATION PROCEDURE 
 
Figure C-1: Test Cell Schematic 
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Figure C-2: Dynamometer Control Box 
 
1. Obtain proper safety equipment including safety glasses and hearing protection.   
2. Locate a fire extinguisher and verify it is up to date.   
3. Turn on the following equipment: 
1. Computer  
2. Agilent 34970A Data acquisition unit 
3. MKS 670 Signal Conditioner (Always on) 
4. Dynamometer control box 
5. Fuel Water Bath 
6. Handheld weather station 
7. Fuel scale (Always on) 
4. Ensure the exhaust valve is correctly switched by noting the position of the cable 
that controls the valve (Figure C-3). 
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Figure C-3: Exhaust System Switch 
 
5. Turn on and prepare the emissions equipment using the “Emissions Analyzer Equipment 
Operation Procedure.” 
6. Prepare the data file using the “Data File Preparation Procedure.” 
7. Open the garage door in room 22 approximately 18 inches. 
8. Prop open the side entrance door located by the fuel cabinet. 
9. Open the water valve to allow cooling water to enter the resistor bank. 
10. Connect battery charger. Use the maintenance free setting.  
11. Check fuel and oil levels. To change fuels use the “Fuel changing procedure.”  
12. Check the overall condition of engine, driveshaft, belt, exhaust system, fuel system, etc.  
13. Ensure the engine is at the compression stroke. Pulling the engine over by hand, the 
point at which the engine becomes hard to turn over is the beginning of the 
compression stroke. At this point, a mark on the large pulley of the dynamometer 
absorbing motor should be pointed straight down.  
14. Add the calibration weight to the calibration arm of the absorbing motor. This weight is 
marked “14.36 lbs.” The actual weight is 28.72 pounds but half the value is used to 
compensate for the 2:1 speed reduction and torque increase. 
15. Run the LabVIEW® program with the calibration weight for approximately 20 minutes. 
Then remove the weight with the program still running. Allow the program to run 
without the weight for approximately 5 minutes and then replace the calibration 
weight. Cycle this a few times. The reading should be 14.36 with the calibration weight 
and zero without the weight.  
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16. Zero the MKS signal conditioner: 
a. Press the “Zero” button 
i. The display should read “Press ENTER to zero” if not press the menu up 
arrow until it does.  
b. Press “Enter” to zero 
i. The display will flash “CALIBRATING” until the zero is complete 
c. Press the “Zero” button to return to the measurement screen 
 
17. Start data acquisition if not already running. 
18. Turn battery disconnect to “ON.” 
19. Remove duct tape from fuel tank cap and open the fuel shut off valve to ON (Figure C-
4) 
 
Figure C-4: Fuel Tank and Shutoff Valve 
 
20. Turn on the room exhaust fan. Typically the low setting is adequate. 
21. Open the fuel throttle by turning the “Engine Speed Control” knob counter clockwise 
15-20 turns. The maximum turns out is 25.  
22. Turn the ignition key to “ON” this will turn on the fuel pump and the low oil pressure 
warning light. The red oil pressure warning light should only be on when the engine is 
not running. Shut the engine down immediately if this light is illuminated during 
operation.  
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23. Ensure the “Applied Load Control” knob is turned all the way down (CCW). Only adjust 
this knob while the engine is running.  
24. Turn the ignition key to the start position.  
25. As soon as the engine starts, turn the speed control clockwise to reduce the speed of 
the engine to 2500 rpm as displayed on the control box.  
26. If taking emissions data; remove the emissions sample port cap (Figure C-5) and install 
the emissions sample line to the exhaust system (Figure C-6). The line fitting should be 
threaded on using only fingers. Tighten with a 5/8 wrench.  
 
Figure C-5: Emissions Sample Port Cap 
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Figure C-6: Emissions Heated Sample Line 
 
27. In case of emergency shutdown of the engine you must turn the speed control all the 
way inward (clockwise) to shut the engine off. This can be done by pressing the 
Emergency release button on the speed control knob (Figure C-2).  
28. While operating the engine avoid rapid changes in speed and applied load. Rapid 
changes have a residual effect on the emissions data.  
29. Allow the engine to warm up at zero load and 2500 rpm for five minutes. Then gradually 
increase the load until the torque reaches 10 ft-lbs.  Allow the engine to run at this load 
and 2500 rpm for an additional five minutes.  
30.  After completing the mandatory warm up period, adjust the speed and applied load to 
the desired values. It is necessary to allow the engine to run at the set point for 1-2 
minutes without adjusting the speed or load to reach steady state. Watch the oil 
temperature closely. When the engine appears to reach steady state, ensure the speed 
and torque remain at the desired values. After verifying, locate the “User Note” input 
box in the LabVIEW® program (Figure C-7). This is a numeric input only. The value 
should be zero for data taken during the warm-up and transients periods. After reaching 
steady state for the desired speed and torque enter the first two digits of the speed and 
torque in this box and click outside of the box to start recording the note with the data. 
For example, testing at 2500 rpm and 12 ft-lbs the user note would be “2512.”  
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Figure C-7: LabVIEW® User Note Input 
 
 
Shutdown Procedure 
1. Slowly decrease the load in 1-2 ft-lb increments every 30-60 seconds until zero load is 
reached (keeping the speed below 3000 rpm). 
2. Decrease the speed in 100 rpm increments every 30-60 seconds until 2000 rpm is 
reached. 
3. At 2000 rpm and zero load, turn off the fuel pump by switching the ignition key to the 
“Off” position. 
4. Allow the engine to run at 2000 rpm and zero load until the exhaust gas temperature 
drops to 120oC then run for an additional 2-3 minutes. 
5. Turn the engine off by pressing the speed control quick release, fully disengaging the 
speed control knob.  
6. Stop the data acquisition program. 
7. Turn the engine over by hand to the beginning of the compression stroke. 
8. Turn the fuel valve to “Off.” 
9. Place a piece of duct tape over the vent hole in the fuel tank cap. 
10. Unplug the battery charger and disconnect from the battery.  
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11. Turn the battery disconnect to “Off” 
12. Turn off the following items: 
1. Room exhaust fan 
2. Water valve 
3. Agilent 34970A Data acquisition unit 
4. Dynamometer control box 
5. Fuel water bath 
6. Handheld weather station 
13. Close room and garage doors. 
14. Follow the “Shutdown Procedure” located in the “Emissions Analyzer Equipment 
Operation Procedure.”  
15. To analyze results, follow the “Data File Analysis Procedure.” 
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APPENDIX D: DATA FILE ANALYSIS PROCEDURE 
1. Copy data to new Excel workbook 
a. Open the excel file that data was written to from the LabVIEW® program 
b. Select and copy the data columns 
c. Paste the data columns to a new blank excel workbook 
d. Save the new workbook  in a new location 
e. Close the original workbook   
 
2. Rename workbook sheets 
a. Rename Sheet 1 to “RAW” 
b. Create a copy of “RAW” and rename it “Clean” 
c. Rename Sheet3 to “Summary” 
 
3. Remove unwanted data and format sheet 
a. Select the “Clean” sheet 
b. Delete all rows of data with  “0” in the Note/Set Column 
c. Leave ten blank rows between data sets, it may be necessary to insert additional 
rows 
 
4. Format and inspect fuel weight data 
a. Select the fuel weight data column in the “Clean” sheet 
b.  Right click the column and select “Format Cells” 
c. Change the category to “Number” and decimal places to “2” 
d. Inspect fuel weight data for errors 
 
5. Calculate Fuel Consumption 
a. Insert a new column between the Fuel (g) and RPM columns 
b. Name the new column “Fueling (g/s)” 
c. Fueling is the change in weight divided by the change in time (10 secs) 
d. Subtract the fuel weight and divide the value by 10 seconds (Figure D-1) 
e. Perform this operation for all fuel data 
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Figure D-1: Fueling Calculation 
 
6. Average data  
a. Create a row one space below each data set for average data values 
b. The first cell of the row should contain the same value as the Note/Set value for 
the data set 
c. Start with the “Fueling” data and use the “average” function to average the 
column of data (Figure D-2) 
d. Average each column of the data set up to the emissions data 
e. The emissions data will only average the last 60 seconds of the data set 
f. Complete average calculations for each data set 
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Figure D-2: Average Fueling Calculation 
 
7. Format “Summary” sheet 
a. Copy Row 1 (data labels) and the average row of each data set to the 
“Summary” sheet (Figure D-3) 
b. Delete “Time” and “Fuel (g)” columns 
c. Insert 12 Columns between “HP” and “O2” (Figure D-4) 
d. Name the blank columns: kW, BMEP (kPa), BSFC (g/kW-h),T_eff (%), O2 (%), NOx 
(ppm) ,CO2 (%), HC (ppm), SO2 (ppm),CO (ppm), and Corr_Nox (ppm) 
respectively (Figure D-5)  
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Figure D-3: Summary Data Sheet 
 
 
 
Figure D-4: Summary Formatting: Insert 12 Columns 
 
 
Figure D-5: Summary Formatting: Column Titles 
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8. Summary Calculations 
a. Power (kilowatts)  
 
Ex:   
 
 
b. Brake Mean Effective Pressure (kilopascals) 
   
Ex: = 486.45 (kPa) 
 
 
c. Brake Specific Fuel Consumption (grams fuel per kilowatt hour) 
 
Ex:  
 
 
d. Oxygen Content (percentage) 
 
Ex:  
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e. Nitrides of Oxygen Content (parts per million) 
 
Ex:  
 
 
f. Carbon Dioxide Content (percent) 
 
Ex:  
 
 
g. Unburned Hydrocarbon Content (parts per million) 
 
Ex:  
 
 
h. Oxides of Sulphur Content (parts per million) 
 
Ex:  
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i. Carbon Monoxide Content (parts per million) 
 
Ex:  
 
 
j. Thermal Conversion Efficiency (percent)    
   
Ex:  
 
9. Weather Corrections 
a. Dew Point (degrees celsius)  
 
Ex:   
 
 
b. Saturation Vapor Pressure (millibars) 
   
 
 
where: 
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Water   ICE 
a0 6.1077999610 
  
a0 6.1091779560   
a1 4.4365185210 E-01 
 
a1 5.0346989700 E-01 
a2 1.4289458050 E-02 
 
a2 1.8860134080 E-02 
a3 2.6506484710 E-04 
 
a3 4.1762237160 E-04 
a4 3.0312403960 E-06 
 
a4 5.8247202800 E-06 
a5 2.0340809480 E-08 
 
a5 4.8388031740 E-08 
a6 6.1368209290 E-11   a6 1.8388269040 E-10 
 
Ex:  
 
 
 
 
c. Barometric Pressure (millibars)  
  
 
Ex:  
 
d. Vapor Pressure Enhancement Factor 
 
 
 
 
 
 
 
 
Ex:   
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e. Enhanced Partial Saturation Vapor Pressure (inches mercury) 
 
 
Ex:   
 
 
f. Specific Humidity (grams per pound) 
 
  
Ex:  
 
 
g. Nox Correction Factor 
  
Ex:  
 
 
h. Corrected Nox (parts per million) 
 
Ex:  
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APPENDIX E: FUEL CHANGING PROCEDURE 
Draining the System 
 
1. From the toolbox, obtain the following: 
a. One pair of rubber gloves  
b.  ¼” nut driver (red handle) 
c.  7/16” wrench 
 
2. Obtain a funnel and the proper fuel can to empty the unused fuel back into.  
 
3. Open the fuel shut off valve on the fuel stand.  
 
4. Make sure the battery disconnect is in the “off” position.  
 
5. Turn the ignition key to the “On” position.  
 
6. With the ¼” nut driver, loosen the fuel line hose clamp at fuel pump located on the 
backside of the Yanmar engine.  
 
7. Place the fuel can in a position where you will be able to insert the fuel line into the can. 
 
8. Squeeze the fuel line shut as close to the end as possible to prevent leakage. While 
squeezing the line, slide the line off the fuel pump, then place directly into the fuel can.  
 
9. While holding the fuel line in the fuel can, reach down and turn the battery disconnect 
to the “on” position. With the ignition key also “on” from the previous step, this will 
engage the electronic fuel pump and transfer fuel from the system to the tank you are 
holding.  
 
10. When the system starts to pump air, turn the battery disconnect back to the “off” 
position and remove the safety key. 
 
11. Leave the fuel line disconnected but make sure it is facing in the upward position.  
 
12. The next step is to drain the fuel filter and line coil.  
 
13. Slide the fuel temperature conditioner to the back of the fuel stand and away from the 
fuel filter so the filter can be drained without fuel getting on the conditioner.  
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14. Remove the coil from the conditioner and let it rest above the fuel filter.  
 
15. Position the fuel tank and funnel to catch fuel draining from the bottom of the filter.  
 
16. Remove the drain plug with the 7/16” wrench and allow the fuel to drain for 2-3 
minutes. While doing this shift the position of the coil to ensure all fuel is removed.  
 
17. Replace the filter drain plug and the fuel coil back into the conditioner.   
 
 
Filling and Purging 
 
The following steps involve filling the fuel system with new fuel and purging air from the 
lines.  
1. Fill the system fuel tank on the fuel stand.  
 
2. Ensure the fuel valve is still “open” and the ignition key is in the “on” position with the 
battery disconnect in the “off” position 
 
3. At the engine side of the fuel line, hold the disconnected line in the fuel can and turn 
the battery disconnect to the “on” position. This will engage the electronic fuel pump 
and start to refill the system.  
 
4. After about one minute the fuel will start to drain into the fuel can. Wait until all the air 
is bled from the line before turning the battery disconnect to the “off” position. 
 
5. While turning the battery disconnect to the “off” position, pinch the fuel line with your 
fingers to prevent air from re-entering the line, and slide the line back onto the fuel 
pump. Some air is inevitable. 
 
6. Replace the hose clamp and tighten.  
 
7. With a 17mm wrench loosen the fuel line at the fuel injector ¾ of a turn. 
 
8. Place a towel in the area under and around the loosened end of the fuel line.  
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9. Engage the compression brake by pressing the lever down.  
 
10. Turn the speed control knob to the “starting” position.  
 
11. Turn the battery disconnect to the “on” position and turn the ignition key to engage the 
starter motor.  
 
12. Continue to let the motor turn over for 30-45 seconds. This will allow any air in the fuel 
line to be bled out before entering the fuel injector.  
 
13. Retighten the fuel injector line nut and dispose of the towel used to catch excess fuel.
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APPENDIX F: PARTIAL PRESSURE CALCULATION 
Convert Dew point temperature from Fahrenheit to Celsius (DPC)  
 
Ex:    
Convert Barometric Pressure from inches mercury to milibars (Pmb) 
 
Ex:   
Find the minimum vapor pressure (e) over water and ice: 
  
 
Where: 
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Ex:  
 
 
 
 
Find the minimum vapor pressure enhancement factor (EnchanceDew) over water and 
ice. 
 
 
 
 
 
 
 
 
 
Ex:   
 
 
 
 
 
a0 6.107799961 a0 6.109178
a1 0.443651852 a1 0.50347
a2 0.014289458 a2 0.01886
a3 0.000265065 a3 0.000418
a4 3.03124E-06 a4 5.82E-06
a5 2.03408E-08 a5 4.84E-08
a6 6.13682E-11 a6 1.84E-10
Water ICE
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Find the Corrected Partial Pressure of Water Vapor (Pv) 
 
Ex:   
Find the Partial pressure of dry air in (Pa) 
   
 Ex:    
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APPENDIX G: NOX CORRECTION FACTOR CALCULATION 
 
Use Appendix F to find Saturation Vapor Pressure in milibars (emb) and the Vapor 
Pressure Enhancement Factor (EnhanceDew).  
 
 
Find Enhanced Partial Saturation Vapor Pressure (PsatDewCorrinhg) 
 
 
Ex:   
 
 
Find Specific Humidity in grams per pound 
 
Ex:  
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Find NOx Correction Factor (NOxCF) 
  
Ex:  
 
 
Find Corrected NOx value (NOxCorr) 
 
Ex: 
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APPENDIX H: ENGINEERING DRAWINGS 
 
Figure H-1: Bearing Installation Drivers 
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Figure H-2: Belt Guard 
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Figure H-3: Compression Tester 
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Figure H-4: Exhaust Clamp 
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Figure H-5: Exhaust Flange 
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Figure H-6: Exhaust Flange Yanmar Side 
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Figure H-7: Flywheel Holder 
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Figure H-8: Flywheel Puller 
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Figure H-9: Hone Top Plate 
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Figure H-10: Intake Filter Adapter 
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Figure H-11: Intake Manifold Adapter 
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Figure H-12: Jackshaft Adjuster 
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Figure H-13: Jackshaft Base Plate 
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Figure H-14: Jackshaft Post 
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Figure H-15: Oil Plug 
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Figure H-16: Positive Piston Stop 
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Figure H-17: Scatter Shield 
165 
 
 
 
Figure H-18: Shaft Alignment Bar 
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Figure H-19: Shaft Alignment Coupler 
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Figure H-20: Yanmar Engine Mount 
